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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized into six chapters: a general introduction (Chapter 1), 
four chapters of papers for publication in the Journal of Economic Entomology and the 
Environmental Entomology (Chapters 2, 3, 4, and 5), and general conclusions (Chapter 6). 
The first chapter includes the dissertation objectives and literature review. Chapter two 
presents a spatial characterization of com rootworm egg and larval dispersions. Chapter 
three discussed the spatio-temporal dynamics of com rootworm adult populations. Chapter 
four provides a spatial characterization of corn-root injury. Chapter five suggests a site-
specific pest management of com rootworms. The last chapter provides an overall review of 
this study and the general conclusions. All papers were prepared according to the publication 
guidelines established by the Entomological Society of America. 
Introduction 
Insect abundance is not static, but dynamic in time and space and largely dependent 
upon environment. Although extensive studies have been done in insect ecology to explain 
the changes of insect abundance in time and space, most of the previous studies on dynamics 
of insect abundance have been aimed at population changes over time. Although the spatial 
arrangement of insects is one of the most important characteristics of insect populations, 
studies on population dynamics in space have been a very challenging part of insect ecology 
(Davis 1994). The spatial arrangement of insects defines their dispersion (Pedigo 2002) and it 
should be distinguished from dispersal, which is the movement from one location to another. 
Studies of insect dispersion not only provide a better understanding of the ecology and 
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behavior of insects, but also aid in the development of sampling plans and programs for 
insect pest management. Although many previous studies recognized the importance of the 
dispersion of insect pests and characterized the pattern of dispersions (Taylor 1961, Lloyd 
1967, Iwao and Kuno 1971, Southwood 1978, Kuno 1991, Davis 1994), mapping the 
dispersion of insect populations on a field-basis has not been applied to entomological study 
until recently. This is mainly because there have been no suitable technologies or methods to 
map the dispersion of insects in the field. Recently the global positioning system (GPS), the 
geographic information system (GIS), and geostatistics have been applied to entomology 
(Schotzko and O'Keeffe 1990, Williams et al. 1992, Liebhold et al. 1993, Weisz et al. 1995a, 
1995b, 1996; Krell 1999, Schotzko and Quisenberry 1999, Tobin et al. 1999, Brandhorst-
hubbard et al. 2001, Falco et al. 2003, Kobayashi et al. 2003, Weseloh 2003), which facilitate 
the making of dispersion maps and the analysis and modeling of the spatial phenomena 
represented on the maps. 
This study investigated the dynamics of corn rootworm dispersions in time and space 
using current technologies and methods. The theoretical aspect of this study was to 
characterize the spatial and temporal dynamics of corn rootworm populations in different life 
stages, such as eggs, larvae, and adults. As com rootworm is a part of the com 
agroecosystem, dynamic relationships between com rootworms and the environment within 
the agroecosystem were also studied. The practical aspect of this study was to evaluate the 
site-specific management of com rootworms as an alternative pest-management option. 
Objectives 
The objectives of this dissertation were: 
1. To investigate the spatio-temporal correlations of com rootworm eggs and larvae with 
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environmental factors (Chapter 2), 
2. To investigate spatio-temporal dynamics of corn rootworm larval survivorship and adult 
dispersions and correlations with biotic and abiotic factors (Chapter 3), 
3. To characterize the spatio-temporal dispersion of corn-root injury by corn rootworms 
(Chapter 4), and 
4. To develop a recommendation procedure for preventive site-specific management of corn 
rootworm by predicting future damage and setting management zones before planting 
(Chapter 5). 
Literature Review 
Corn Rootworms 
Identity and Distribution in the US. There are four corn rootworm species in the US. 
They are the northern com rootworm, Diabrotica barberi Smith and Lawrence, the western 
com rootworm, Diabrotica virgifera virgifera LeConte, the southern com rootworm, 
Diabrotica undecimpunctata Barber, and the Mexican com rootworm, Diabrotica virgifera 
zeae Krysan and Smith. The northern com rootworm, first recorded in Colorado in 1824, is 
mainly distributed in north-central US and southern Ontario, Canada (Chiang 1973). The 
western com rootworm was first recorded in Kansas in 1868 (Chiang 1973) and currently is 
found in all com-growing states from Colorado to the East Coast (Krysan and Miller 1986). 
Southern com rootworms overwinter in the southern United States, and migrate into most of 
the Com Belt during the warm season (Krysan and Miller 1986). The Mexican com 
rootworm is distributed throughout Central America and north to Kansas (Krysan and Miller 
1986). Only northern and western com rootworms are considered as com pests in Iowa and 
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thus the term "corn rootworms" is used in this dissertation refers to both northern and 
western corn rootworms. 
Life History. Western and the northern corn rootworms are univoltine and 
overwinter as eggs in the soil. In Iowa, larvae generally hatch in early June and complete 
three stages feeding on corn roots. First instars locate com roots by sensing CO2 emitted 
during respiration (Gustin and Schumacher 1989). The first instars primarily feed on fine 
roots or root hairs (Chiang 1973) and the second and third instars tunnel into the root core 
(Branson 1986, Riedell 1993). At a temperature of 21°C, larvae complete development in ca. 
23 days (Jackson and Elliott 1988, Woodson and Jackson 1996). In general it takes about 
one month to complete the larval stage in Iowa cornfields. Larvae pupate in the soil during 
late June in Iowa and it takes 10 to 12 days to complete the pupal period (Jackson and Elliot 
1988, Woodson and Jackson 1996). 
Com rootworm adults emerge from the soil during early July in Iowa. Western com 
rootworms emerge a few days earlier than northern com rootworms (Ruppel et al. 1978, 
Branson 1987) and males of both species develop faster than females (Jackson and Elliott 
1988, Nowatzki et al. 2002). Adults feed on pollen and silks and mate in the cornfield soon 
after emergence (Branson 1987). A preovipositional period lasts 12 to 14 days (Hill 1975) 
and mean fecundity for the western com rootworm in the laboratory is ca. 1000 eggs per 
female (Branson and Johnson 1973, Hill 1975). Most eggs are laid in the top 20 cm of soil 
(Foster et al. 1979, Hein et al. 1985). Adult populations from mid-August through early 
September account for > 50% of the cumulative oviposition in cornfields (Hein et al. 1985). 
Com rootworm adult feeding continues within the cornfield in which they emerged 
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(Cinereski and Chiang 1968) as long as pollen or green silks are available. Adult beetles 
move out to other fields to search for food sources when food becomes scarce. 
Pest Status. Com rootworms are key pests in the Com Belt. The larvae feed 
primarily on com roots in the soil causing plant lodging and yield reduction. Yield loss from 
com rootworms exceeded $60 million per year during the early 1970s in Iowa (Hills and 
Peter 1972) while crop losses and control expenses attributed to com rootworms annually 
cost producers millions of dollars in the 1990s (Krysan and Miller 1986). More than half of 
total U.S. cornfields have chemical control applied for com rootworms (Metcalf 1986). 
Com rootworm larval feeding on com roots hinders absorption of water and 
nutrition, photosynthesis (Hou et al. 1997, Riedell and Reese 1999), hormone biosynthesis in 
tap roots (Riedell 1993), biomass allocation and carbohydrate storage (Dunn and Frommelt 
1998), and plant anchorage by destroying the integrity of root systems of the com plant 
(Spike and Tollefson 1991). Severe lodging is generally the result of strong wind and heavy 
rain coinciding with rootworm larval feeding, causing mechanical harvest losses. 
Minor economic damage is caused by com rootworm adult feeding on com silks. 
Adult com rootworms clip com silks, causing subsequent reductions in grain yield and seed 
quality of inbred com grown for production of hybrid seed. The western com rootworm can 
potentially transmit and spread maize chlorotic mottle vims (Jensen 1985) and com stalk rot 
fungi (Gilbertson et al. 1986) through silk feeding. 
Management of Corn Rootworms. The main control options used against com 
rootworms in Iowa are soil-insecticide treatment at planting time and crop rotation with non-
host crops. Alternative ways to control com rootworm larvae are tilling soil to reduce larval 
hatching by increasing egg mortality (Gray and Tollefson 1987, 1988), delaying planting to 
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reduce the availability of corn roots for early hatching larvae (Oloumi-Sadeghi and Levine 
1989), and planting resistance corn varieties. Recently Bt corn against com rootworm has 
been developed and is commercialized for the 2003 growing season. 
Sampling and monitoring methods to estimate the population of com rootworm eggs, 
larvae, larval survivorship, and adults have been developed. The most common method of 
egg sampling is to obtain soil cores and extract eggs from the soil cores. Soil-core sampling 
is commonly done with a golf-cup cutter (Foster et al. 1979). Eggs in the soil can be 
extracted by washing soils, sieving, and floating eggs (Chandler et al. 1966). Larval 
sampling can be done with plant-area soil sampling, soil cubes, and soil cores (Fisher and 
Bergman 1986). Techniques for removing larvae from the soil or plants are floating larvae 
by mixing with water (Fisher and Bergman 1986) or using Berlese-type funnels (Fromm et 
al. 1998). Sampling of eggs and larvae in soil is extremely labor intensive and satisfactory 
egg and larval thresholds have not been developed. Sampling for pupae is also difficult 
because they are inconspicuous in earthen cells, they are very fragile, and the pupal stage is 
short (Chiang 1973). 
The most common com rootworm sampling for management is adult sampling. 
Adult sampling can be done by counting beetles on com plants, on yellow sticky traps (Hein 
and Tollefson 1985a, Kuhar and Youngman 1998), and in emergence traps (Hein and 
Tollefson 1985b). Economic thresholds for com rootworm adults were developed based on 
the whole-plant count, ear-zone count (Wright et al. 1999), and Olson yellow sticky traps 
(Kuhar and Youngman 1998). The ear zone is the area from the upper surface of the leaf 
below the ear to the lower surface of the leaf above the ear (Tollefson and Calvin 1994). The 
economic thresholds for ear-zone count are 0.32 and 0.24 adults per plant in continuous 
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cornfields and rotated cornfields, respectively, when plant population density is 28,000 plants 
per acre (Wright et al. 1999). The economic threshold for Olson yellow sticky trap is 0.35 
adults per trap per day (Kuhar and Youngman 1998). These thresholds are for predicting 
damage by larval feeding on roots the following season, not for predicting damage by adult 
feeding on silks. An economic threshold for the emergence trap, however, has not been 
established. Steffey and Tollefson (1982) developed a sequential sampling plan for corn 
rootworm beetles using whole-plant count and ear-zone count. 
To quantify root injury by corn rootworm larvae, root-damage rating, root-pull 
resistance, larval counts, and percent lodged plants (Mayo 1986) have been used. The most 
widely accepted method has been root-damage ratings such as the Iowa root-damage rating 
(Hills and Peter 1971) and the 1-9 scale (Musick and Suttle 1972). These indices were 
originally developed to evaluate post-planting insecticide treatments but the indices 
themselves were non-linear. Recently, the Iowa State Node-Injury Scale has been proposed 
to provide a more linear relationship between the scale and root injury (Rice and Oleson 
2000). 
Several prediction models also have been developed to predict beetle emergence 
based on degree-day accumulations (Ruppel et al. 1978, Nowatzki et al. 2002). The date of 
first beetle captured in the field was more reliable for predicting adult emergence than 
calendar date or physiological time based on air temperature (Ruppel et al. 1978). Nowatzki 
et al. (2002) developed a model for beetle emergence based on degree-day accumulation 
from the date that the first beetles were captured in the field. 
Corn rootworm Dispersions and Relationship with Environment. Dispersion 
patterns of corn rootworm eggs, larvae, and adults have been characterized, but the 
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dispersion pattern of root injury has not been characterized yet. Dispersion of corn rootworm 
eggs was studied by using Taylor's power law (Foster et al. 1979, Hein et al. 1985), and 
geostatistics (Ellsbury et al. 1997). Foster et al. (1979) found that the spatial dispersion 
pattern of the northern corn rootworm eggs was aggregated and Hein et al. (1985) determined 
the egg dispersion patterns of each species as well as combined species were aggregated. 
Ellsbury et al. (1997), however, reported that the egg dispersion pattern of the northern corn 
rootworm showed a lack of spatial dependence, indicating the dispersion pattern was random 
or uniform at the scale they used. The larval dispersion pattern was characterized by 
Bergman et al. (1983) using variance-to-mean ratio and Taylor's power law. They reported 
that most populations of corn rootworm larvae exhibited aggregated dispersion patterns 
regardless of the sample unit. The larval dispersion pattern, however, has not been 
characterized using geostatistics yet. 
Corn rootworm larval survivorship and adult dispersion patterns were characterized 
by using dispersion indices (Steffey and Tollefson 1982, Matin and Yule, 1984) and by using 
geostatistics (Midgarden et al. 1993, Rossi et al. 1992, Ellsbury et al. 1998, Darnell et al. 
1999). Ellsbury et al. (1998) found that western and northern com rootworm larval 
survivorship was aggregated in both continuous and rotated cornfields. Steffey and 
Tollefson (1982) found that 80% and 61% of the northern and western com rootworms, 
respectively, were aggregated, mostly when mean adult density was high. Matin and Yule 
(1984), however, reported that the spatial dispersion of northern com rootworm adults was 
random when the com was in full bloom and aggregated early and late in the season. 
Midgarden et al. (1993) found that the adult dispersion was aggregated when yellow sticky 
traps were used to sample adults and Rossi et al. (1992) also found that the spatial dispersion 
of northern corn rootworm adults was aggregated. Darnell et al. (1999) used whole-plant 
counts for adult sampling and found that significant small-scale spatial aggregation occurred 
around peak pollination periods and adult spatial patterns were affected by changes in crop 
phenology. 
Edaphic factors, such as soil texture and soil moisture, are spatially variable and 
affect the dispersion of com rootworm. Dispersions of com rootworms are also likely to vary 
spatially because the influence of environmentally mediated mortality factors may vary 
spatially as well as seasonally (Ellsbury et al. 1998). Plant volatiles are known to be 
important in host location, leading to adult aggregation (Morris et al. 1996). Com rootworm 
adults prefer com pollen and silks as a food source so pollinating fields attract adults. If 
western com rootworm adults emerge before com pollen is available, they feed on lower 
leaves before com tassels and silk are available (Chiang 1973). Northern com rootworm 
adults feed within the cornfield in which they emerge when food is plentiful, but move to 
other fields when food becomes scarce (Cinereski and Chiang 1968). However, regardless of 
the precise host plant cues to which adults respond, their ability to aggregate may vary with 
local conditions such as host plant density and diversity of the background vegetation 
(Morris et al. 1996). 
Spatial Analysis 
Trends of Spatial Analysis in Entomology. To better understand the spatial 
phenomena of insect populations, entomologists have used mathematical distributions to 
describe dispersion and dispersion indices to classify dispersion patterns (Davis 1994). 
Dispersion indices, such as variance-to-mean ratio, negative binomial k, Lloyd's mean 
crowding, Morisita's index, and Green's index, are convenient to implement and adequately 
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quantify the relationship of the sample variance with the mean, but they ignore the spatial 
location of samples with the assumption that each datum is independent of all other data and 
that the data are distributed identically (Vieira et al. 1983, Rossi et al. 1992, Liebhold, et al. 
1993). These indices focus on the among-sample count variance and often fail to 
differentiate between different dispersion patterns and their descriptions of spatial patterns 
are highly dependent on the size of sample units (Liebhold et al. 1993). 
During the last fifteen years, many entomologists have used GIS and geostatistics as 
tools for describing the spatial dispersion of insects (Schotzko and O'Keeffe 1990, Williams 
et al. 1992, Liebhold et al. 1993, Schotzko and Quisenberry 1999, Tobin et al. 1999, 
Brandhorst-hubbard et al. 2001, Falco et al. 2003, Kobayashi et al. 2003), dispersai (Weseloh 
2003), and site-specific integrate pest management (Weisz et al. 1995a, 1995b, 1996; Krell 
1999). They also determined that the spatial patterns of insects were spatially dependent and 
correlated with other spatially dependent factors in their studies. In corn rootworm studies, 
Midgarden et al. (1993) used geostatistics for spatial analysis of western corn rootworm 
adults and the results of geostatistics were compared to those of dispersion indices. They 
found that the western corn rootworm adult dispersion pattern was not always in agreement 
with dispersion indices. Ellsbury et al. (1998) used geostatistics to characterize the spatial 
distribution of adult com rootworm emergence and Darnell et al. (1999) used geostatistics for 
investigating the small-scale spatial variation of western com rootworm adults. 
Geostatistics. Another way to characterize dispersion, rather than using dispersion 
indices or mathematical distributions, is using geostatistics that consider the spatial 
dependence of each datum. Spatial dependence or spatial correlation means that samples 
spatially close to each other are more similar than they are more distant samples (Williams et 
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al. 1992). Geostatistics is a set of procedures that analyze spatial relationships of a 
phenomenon by using the spatial variation in direction and distance between samples and 
predicts spatial phenomena at unsampled locations (Issaks and Srivastava 1989). The first 
step is called variogram modeling, which is the calculation and interpretation of a spatial 
correlation. The next step is called the kriging process, which is a moving average technique 
using the variogram parameters to calculate the relationship between the data point and to 
predict values at unsampled locations. Overviews of geostatistics are well presented in 
Isaaks and Srivastava (1989), Rossi et al. (1992), and Liebhold et al. (1993). 
The variogram is a graph of the spatial dependence of an organism and plots the 
squared difference of a sample pair against the distance between sample points (Davis 1994). 
When variogram values were divided by two, then it is called a semivariogram. 
Semivariogram functions can be defined as, 
where h is the lag distance or separation distance, Z{x t )  is the measured sample value at 
sample point %,, Z(x i + h  ) is the sample value at x i + h , and n(h)  is the total number of sample 
pairs for any separation distance. Key features of the semivariogram illustrated in Fig. 1 are 
used to analyze the spatial structure and to determine the dispersion pattern. The range, a, is 
the distance at which the semivariance reaches a maximum. In other words, range is the lag 
distance beyond which samples are spatially independent. In exponential and Gaussian 
models, the range is usually assumed to be the point at which the model includes 95% of the 
sill because the semivariogram is asymptotic (Rossi et al. 1992). The sill, cs + ca, is the value 
of the semivariance at any distance greater than or equal to the range. The nugget, ca, is the 
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semivariance value when lag distance equals zero. The nugget is caused by experimental 
errors, random effects or microscale variation. The ratio of the nugget to the sill is referred 
to  a s  the  re l a t ive  nugge t  e f fec t .  I t  i s  usua l ly  quo ted  in  pe rcen tages  and  ca lcu la t ed  a s  c s / ( c s  + 
c0) (Rossi et al. 1992). A relative nugget effect of 1 indicates a degree of aggregation, 
whereas the value of 0 represents a lack of aggregation. 
In practice, the semivariogram (V2 the variogram), is usually displayed (Issaks and 
Srivastava 1989). The least number of sample pairs needed to estimate the variance reliably 
is 30 sample pairs at each lag (Journel and Huijbregts 1978). The value of the semivariance 
at the first lag distance, termed the experimental nugget, is used as a more conservative 
estimate of the proportion of variability due to spatial structure (Williams et al. 1992). 
The shape of the plot reveals the degree of association in the data and determines the 
dispersion patterns such as uniformity, randomness, trend, and aggregation. For uniform 
data, all values are essentially the same, and thus the variogram appears nearly horizontal. 
For random data, the average variance between values does not change with distance. Thus a 
random dispersion pattern shows no spatial dependence and the shape of the plot is also 
linear and horizontal (Fig. 2a), which is called a nugget effect. Aggregated dispersions, on 
the other hand, produce a variogram that has small values for short lags that increase with 
increasing distance (Fig. 2b). These features reflect the degree of spatial variability. Small 
semivariogram values at short lags correspond to data that are closer together and more alike, 
indicating the existence of spatial dependence. A parabolic shape indicates a high degree of 
aggregation. A trend can be thought of as a pattern whose dimensions are larger than the 
sampling space. Because of the trends, the local mean and variance will be different with 
location and direction. A linear but non-horizontal shape indicates a moderately aggregated 
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distribution or trend (Williams et al. 1992), with a range of spatial dependence that exceeds 
the scale of the study (Fig. 2c). 
There are two interpolation methods to make surface maps. They are deterministic 
and geostatistical methods. Deterministic interpolation techniques such as triangulation, do 
not take into account that the two values in space that are closer together tend to be more 
similar than two values farther apart. The geostatistical method, kriging, is a weighted 
moving-average technique which uses the variogram parameters to obtain the relationship 
between data points. Kriging is the process of estimating the value of a spatially distributed 
variable from adjacent values while considering the interdependence expressed in the 
variogram. The kriging process involves the construction of a weighted, moving average 
which is used to estimate the true value of a regionalized variable at specific locations (Issak 
and Srivastava 1989). Kriging is designed to minimize the effect of the relatively high 
variance of the sample values by including knowledge of the covariance between the 
estimated point and other sample points within the range (Rossi et al 1992). 
The Geographic Information System. The geographic information system (GIS) is a 
computerized database management system designed for the capture, storage, analysis, and 
display of spatial data (Morgan and Ess 1997). A GIS allows integrating data that has been 
collected at different times, at different scales, and using different methods of data capture. 
In the past, data has been captured for a GIS by digitizing existing maps, manually entering 
textual data, and scanning in information. With such procedures, integrating data in different 
formats, from different times, and at different scales, is very time consuming and expensive. 
Currently the global positioning system (GPS) and remote sensing provide the ability to 
obtain accurate, up-to-date data when and where we need it, at relatively low cost. GPS 
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speeds up and simplifies the collection of data for GIS. 
There are two basic models or formats which represent real world and store spatial 
data in a GIS. They are raster GIS and vector GIS (Morgan and Ess 1997). The main 
difference between the two formats is the basic unit, or units which are used to represent and 
store the data. Raster GIS displays, locates, and stores geo-referenced data using a matrix or 
grid of cells. Each cell has discrete data attributes, or numerical values, and resolution is 
dependent upon the grid size. The vector GIS displays geo-referenced data as points, lines, 
curves, or areas with attributes of data. Cartesian coordinates and computational algorithms 
of the coordinates define points in a vector system (Morgan and Ess 1997) Raster GIS has a 
simple data structure and advanced spatial modeling and analysis capabilities but it needs 
greater storage space and is more difficult to use for presenting topological relationships 
(Morgan and Ess 1997). Vector GIS has very high resolution and graphical output more 
closely resembles the real world but its structure is more complex and spatial analysis is 
often limited (Liebhold et al. 1993). 
Site-Specific Pest Management 
Site-Specific Farming. Farming based on the needs of specific areas within a field is 
called site-specific farming. In other words, site-specific farming involves collecting and 
using agronomic information to supply actual needs to parts of fields rather than average 
needs to whole fields. The concept of site-specific farming requires measuring the within-
field variability, mapping dispersions of yield-limiting factors (Pedigo 2002), and making 
decisions based on maps showing within-field variability expressed as management zones. A 
management zone is a sub-region of a field that expresses a homogeneous combination of 
yield-limiting factors for which a single rate of management input is appropriate (Doerge 
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1999). Site-specific farming can increase control efficiency and profit margins and reduce 
chemical inputs onto the field. Furthermore, insecticide resistance may occur when whole 
fields are sprayed uniformly with insecticides. 
Although the idea and importance of site-specific farming has been recognized by 
farmers from when the first agriculture began (Morgan and Ess 1997), the practical 
implementation of site-specific farming has not occurred until recently due to the 
unavailability of technologies for applying management in a site-specific manner. Recent 
technology developments such as global positioning systems (GPS), geographical 
information systems (GIS), remote sensing, variable-rate technology, and yield monitors are 
commonly used to make site-specific farming possible. By 1996, almost 10% of all com 
farmers had adopted some aspect of site-specific farming by using those technologies 
(Daberkow and McBride 1998). 
Site-Specific Insect Pest Management. When site-specific farming deals with pest 
management it is called site-specific pest management or site-specific IPM. The general 
procedure of site-specific pest management involves sampling to measure within-field 
variability, mapping the distribution based on sampled data, setting management zones based 
on maps, and applying control measures based on management zones. Despite the 
availability of current technologies, site-specific insect pest management has been applied to 
only a couple of insect pests such as Colorado potato beetles (Weisz et al. 1995a, 1995b, 
1996; Midgarden et al. 1997; Fleischer et al. 1997; Blom et al. 2002) and bean leaf beetles 
(Krell 1999) due to high costs for site-specific management. 
Weisz et al. (1996) compared traditional whole-field integrated pest management 
with site-specific management for the Colorado potato beetle. They decided that with 
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variable-rate pesticide spraying, 30-40% of the insecticide input to control the Colorado 
potato beetle was saved. Although site-specific management in high-value crops such as 
potato, may be feasible, it did not seem feasible in a medium-value crop such as soybean 
(Krell 1999). Total costs for site-specific management of the bean leaf beetle including 
sampling costs were greater than costs for treating the whole field with a uniform insecticide 
application. Sampling for site-specific pest management was very intensive, so the costs 
were also very high. There is a need to keep the number of samples to a minimum while still 
allowing a reasonable level of accuracy. In many cases, where the spatial distribution is 
rather complex, much finer grid densities than those currently used commercially are 
required to produce accurate prescription maps. 
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Fig. 2. Relationships between semivariogram models and dispersion patterns, a, nugget 
model, indicating random or uniform dispersion; b, spherical, exponential, or Gaussian 
models, indicating aggregated dispersion; c, linear model, indicating trend. 
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CHAPTER 2. THE DISPERSIONS OF CORN ROOTWORM (COLEOPTERA: 
CHRYSOMELIDAE) EGGS AND LARVAE AND SPATIO-TEMPORAL 
CORRELATIONS WITH ENVIRONMENTAL FACTORS 
A paper to be submitted to the Environmental Entomology 
Yong-Lak Park and Jon J. Tollefson 
Abstract 
Experiments were conducted to characterize the spatial structure of corn rootworm 
eggs and larvae using geostatistics and to determine the distributional relationships among 
egg, larvae, and edaphic and topographic factors. Egg and larval dispersions were 
investigated at three different spatial scales because spatial dispersion patterns often depend 
upon scale. Semivariograms of egg dispersion showed no spatial dependence at large scale, 
indicating a random or uniform dispersion. In a small-scale study, egg dispersion patterns in 
two fields were random or uniform at a 0.2-m sampling distance but one field exhibited high 
aggregation. The semivariogram of larval dispersion showed an aggregated pattern at all the 
spatial scales used. Map correlation analysis was used to determine the distributional 
relationships among egg, larvae, and edaphic and topographic factors. Soil moisture 
positively affected com rootworm egg and larval dispersion, but there were no topographic 
effects on egg and larval dispersions. This study demonstrated the dynamic relationships 
among com rootworm eggs and larvae and environmental factors in dispersion as well as 
abundance. 
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Introduction 
The western corn rootworm, Diabrotica virgifera virgifera LeConte, and the northern 
corn rootworm, Diabrotica barberi Smith and Lawrence, are univoltine and overwinter as 
eggs in the soil. Larvae hatch during early June and pupate late in June in Iowa. The first 
instar feeds primarily on fine roots or root hairs (Chiang 1973) and the second and third 
instars tunnel into the root core (Branson 1986). Larval feeding on corn roots causes plant 
vegetative biomass reduction (Spike and Tollefson 1991, Dunn and Frommelt 1998), 
phenological development changes (Spike and Tollefson 1989), increased plant lodging 
(Short and Leudtke 1970, Sutter and Gustin 1990, Spike and Tollefson 1991), yield 
reductions (Spike and Tollefson 1991), and alteration of nutrient content of the grains 
(Kahler et al. 1985). Injured corn roots are more susceptible to root and stalk rot fungi 
(Palmer and Kommendahl 1969), resulting in further damage. 
Dispersions of corn rootworm eggs have been studied by using Taylor's power law 
(Foster et al. 1979, Hein et al. 1985), and geostatistics (Ellsbury et al. 1997). Foster et al. 
(1979) found that the spatial dispersion pattern of the northern com rootworm eggs was 
aggregated and Hein et al. (1985) also determined the egg dispersion patterns of both species, 
as well as both species combined, were aggregated. Ellsbury et al (1997), however, reported 
that the egg dispersion pattern of northern com rootworm showed a lack of spatial 
dependence in the semivariogram, indicating that the dispersion pattern was random or 
uniform at a sampling distance of 75 m in a 65-ha cornfield. The larval dispersion pattern 
was characterized by Bergman et al. (1983) using variance-to-mean ratio and Taylor's power 
law. They reported that most populations of com rootworm larvae exhibited aggregated 
dispersion patterns regardless of the sample unit. Larval dispersion pattern has not been 
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characterized by using geostatistics yet. 
Edaphic properties have been known as key factors affecting the oviposition by 
female adult rootworms and the survivorship of eggs. Soil moisture and texture affect both 
quantity and location of oviposition. Corn rootworm adults are more attracted to loosened 
soil than compact soil for egg laying, but dry soil is rejected as an oviposition site regardless 
of the condition of the surface (Chiang 1973). High clay content in the soil may also result in 
more eggs being laid between rows, but there are no relationships with organic matter (Hein 
et al. 1985). More western corn rootworm eggs are laid in moist soil than in dry soil (Kirk et 
al. 1968) and heavy rainfall encourages the northern corn rootworm adult to lay eggs near the 
soil surface (Patel and Apple 1967). 
The effect of soil moisture on the survivorship of larvae was studied by Sutter et al. 
(1967), Spike and Tollefson (1988), and Sutter and Gustin (1990). Saturated topsoil for a 
period of at least 5 days in early June during egg hatching resulted in a reduction of root 
damage (Sutter et al. 1967) and a 50% reduction in com rootworm beetle emergence (Spike 
and Tollefson 1988) by preventing larval establishment upon roots of the host plant (Sutter 
and Gustin 1990). 
These previous studies, however, did not consider the spatial relationships of com 
rootworm eggs and larvae with soil moisture which also varies spatially and temporally. The 
objectives of this study were 1) to characterize the spatial structure of com rootworm eggs 
and larvae using geostatistics and 2) to determine the distributional relationships among egg, 
larvae, and soil moisture and topographic factors. In this study, egg and larval dispersions 
were investigated at three different spatial scales because spatial dispersion patterns often 
depend upon spatial scales (Williams et al. 1992). 
31 
Materials and Methods 
Sampling Grids. The spatial scales used for this study were categorized as large-, 
moderate-, and small-scales. The large-scale study was conducted to characterize the egg and 
larval dispersions in 8-ha fields of corn planted after com (continuous cornfields) in Iowa. A 
grid-sampling plan with 84 - 97 sample points and 25-m sampling distance between sample 
points was used (Fig. la). A hexagonal grid was used because it provides the best 
assessment of the spatial structure (Schotzko and O'Keeffe 1990). Sampling grids were 
virtually laid out in the fields using a differentially-corrected global positioning system 
(DGPS, Trimble, Sunnyvale, CA). The moderate-scale study was conducted to characterize 
the larval dispersion in 60 m x 180 m continuous cornfields. Forty sample points with 20-m 
sampling distance were assigned to the field with DGPS (Fig. lb). The small-scale study 
was conducted to characterize the egg and larval dispersions in two 0.05-ha continuous 
cornfields. Twenty-sample points with a 5-m sampling distance were assigned to the field 
with DGPS and four consecutive subsamples were taken with a 0.2-m sampling distance that 
was equivalent to the average distance between two com plants (Fig. lc). Thus the total 
number of samples for the small-scale study was 80. 
Egg Sampling. All eggs were sampled after tillage and before planting. Large-scale 
egg sampling was done in the Ankeny field (Polk County) in 2000 and 2001, the Clinton 
field (Clinton County) in 2000, two fields near Menlo (Guthrie County) in 2000 (Fig.la). 
The Ankeny field was a flat field with 4 m of maximum altitude difference between two 
sample points in the field. The Clinton and Menlo fields were hilly with maximum altitude 
differences of 16 m. The small-scale study was conducted in two cornfields in Story County 
and one cornfield in Polk County. At each sample point, two core samples were taken to a 
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15-cm depth with a 10-cm-diameter golf-cup cutter. The core samples were put onto a 
canvas to be broken up and mixed. A 0.47-liter subsample was taken and returned to the 
laboratory. Eggs were extracted from the soil samples using a device described by Shaw et 
al. (1976) and counted using a microscope. 
Larval Sampling. Larval sampling was conducted during mid-June. A large-scale 
study was conducted in an Ankeny field in 2002 (Fig. la). Moderate-scale experiments were 
conducted in two cornfields in one in Polk and one in Story counties in 2001 (Fig. lb) and 
the small-scale study was conducted in one field in Polk County and two fields in Story 
County (Fig. lc). At each sample point, one root was dug and put into a plastic bag. 
Samples were returned to the laboratory and placed into the Fromm funnels (Fromm et al. 
1998) to extract larvae from corn roots. After seven days of drying, the numbers of larvae in 
the Fromm funnels were counted. 
Sampling Soil Moisture and Topographic Factors. Soil moisture was measured 
weekly with a Hydro Sense® (Decagon, Pullman, WA) by averaging the values from probing 
10 locations within an area of a 1,5-m-radius circle at each sample points. The area within a 
1,5-m-radius circle was equivalent to the resolution of the DGPS. Altitude was measured 
using the DGPS (error range of maximum 3 m in altitude) and slope and aspect at each 
sample point were calculated using the geographic information system (ArcGIS®, 
Environmental System Research Institute, San Diego, CA). 
Geostatistical Analysis. Geostatistics was used to characterize the spatial dispersion 
pattern and produce dispersion maps of com rootworm eggs and larvae. Geostatistics is a 
tool for describing spatial pattern by measuring spatial dependence and for mapping the 
dispersion by estimating values at unsampled locations. Spatial dependence, or spatial 
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correlation, means that samples spatially close to one another are more similar to one another 
than to more distant samples (Williams et al. 1992). If spatial dependence exits, then an 
aggregated dispersion is expected. A geostatistical procedure illustrated in Fig. 2 was 
followed to characterize dispersion pattern and generate surface maps. Before variogram 
modeling, exploratory data analysis (EDA) was performed. EDA includes checking for 
outliers and normality of the data. Semivariograms were generated using GS+ 5.3 
(Gammadesign, Plainwell, MI). If the number of sample pairs at a certain lag distance was 
less than 30 (Journal and Huijbregts 1978), then the semivariogram value for that lag 
distance was excluded in semivariogram modeling. Characterization of spatial structure and 
determination of dispersion patterns were based on semivariogram models and parameters 
such as nugget, sill, and range. 
The shape of the plot in the semivariogram reveals the degree of association in the 
data as well as determines the dispersion patterns such as uniformity, randomness, trend, and 
aggregation. For uniform data all values are essentially the same, and thus the 
semivariogram appears nearly horizontal. For random data the average variance between 
values does not change with distance, and thus the semivariogram appears nearly horizontal 
as well. Uniform and random dispersion patterns show no spatial dependence. The 
aggregated pattern produces a semivariogram that has small values for short lags, then 
increasing values with increasing distance. These features reflect the degree of spatial 
variability and spatial dependence. Trend can be thought of as a pattern whose dimensions 
are larger than the sampling space or the significant lag classes. Because of the trends, the 
local mean and variance will be different with location and direction. A linear but non-
horizontal semivariogram indicates a moderately aggregated distribution or trend, with a 
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range of spatial dependence that exceeds the scale of the study. 
Dispersion maps were generated with ordinary kriging and cross-validation was 
conducted to check the performance of semivariogram models in kriging. In a cross-
validation process, values were kriged at each sampled location, assuming that a particular 
sample was missing. Then the kriged values and the true values were compared. The 
difference between these two values, i.e., cross-validated residual, was used to assess the 
performance of the semivariogram model. The best semivariogram models were chosen 
based on the r2 values and the best surface maps were chosen based on cross-validation 
results. 
Map-Correlation Analysis. The similarity between maps was checked with map 
correlation. Map-correlation coefficients were calculated based on sample-to-sample 
correlations by using SAS (PROC CORR; SAS Institute, 1999). High and positive 
correlation between two dispersion maps, i.e., correlation coefficients are closer to 1, assures 
the dispersion maps are more likely to be similar, and high but negative correlations, i.e., 
correlation coefficients are closer to -1, indicates map surface pattern on two dispersion maps 
are opposite. 
Results and Discussion 
In the large-scale study a linear model fit the semivariograms of egg dispersion in the 
Ankeny field best, but with very low slopes, indicating there was a very minor trend in the 
dispersion (Fig. 3a and b). The direction of the trend was from the west to the east and the 
eastern parts of the field had higher egg populations. Semivariograms of egg dispersion in 
the Menlo and Clinton fields were best fit with the nugget model, indicating there was no 
spatial dependence, i.e., egg dispersion at large scale was random or uniform (Fig. 3c, d, and 
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e). This result agreed with the results of Ellsbury et al. (1997) who used a 75-m sampling 
distance and characterized dispersion by using semivariograms. These results, however, 
were different from those of Hein et al. (1985) and Foster et al. (1979). Hein et al. (1985) 
concluded that the egg dispersion patterns of each species, as well as both species combined, 
were aggregated and Foster et al. (1979) also determined that the spatial distribution of 
northern corn rootworm eggs was aggregated by using Taylor's power law. 
Because nuggets in semivariograms may include both experimental errors and 
microscale variation, the small-scale study was conducted to investigate the possible 
existence of spatial dependence in egg dispersion at a smaller scale. The small-scale study 
showed that egg dispersion patterns in two Story County fields were still random or uniform 
at a 0.2 m sampling distance (Fig. 4a and b) but the Polk County field exhibited an 
aggregated dispersion (Fig. 4c). The semivariogram of the Polk County field showed that the 
range was 0.40 m and 89% of the variability was explained by spatial dependence, indicating 
that the average size of the aggregations was small, but the degree of aggregation was high. 
Although two fields in the Story County small-scale study showed no spatial dependence at a 
0.2-m sampling distance there was a possibility that spatial dependence might be detected in 
the fields if a sampling distance is smaller than 0.2 m was used because eggs are laid in 
clutches. However, 0.2 m is the average planting distance and a spatial dependence at a 
sampling distance of < 0.2 m may be too small to be detected using currently available egg 
sampling methods (Ruesink 1986, Tollefson and Calvin 1994). 
The semivariogram of larval dispersion at large scale showed that the spherical model 
fit best with the data, indicating an aggregated dispersion (Table 1). Because the spatial 
dispersion pattern is often dependent upon spatial scales, experiments were conducted at 
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smaller spatial scales to check the consistency of the aggregated dispersion pattern of larvae. 
In the moderate scale study, the exponential model fit the data best, indicating spatial 
dependence of larval dispersion still existed at the smaller scale (Table 1). Small-scale 
studies also confirmed a high degree of spatial dependence existed at the 0.2 m sampling 
distance, indicating dispersion patterns were highly aggregated (Table 1) and 62 - 99% of 
spatial variability was explained by spatial dependence at small scale. The results of these 
studies at three different spatial scales agreed with those of Bergman et al. (1983). They 
concluded that most populations of com rootworm larvae exhibited aggregated dispersion 
patterns regardless of sample unit by using variance-to-mean ratio and Taylor's power law. 
The small-scale semivariograms for larval sampling suggested that the distance between 
larval samples should be greater than ca. 4 m to take independent samples. The range of 
larval dispersion was greater than that of egg dispersion, not only because eggs were laid in 
clutches, but also because larvae can disperse up to 0.5 m (Chiang 1973) even though they 
are very restricted in the soil. 
Com rootworms begin life in an aggregated distribution because eggs are laid in 
clutches and larval movement is limited in the soil. This suggests that egg and larval 
dispersions in the field may be similar if they are mapped. Our study showed that the map 
correlation between eggs and larvae was significant (r = 0.30; P < 0.01; n = 97) although 
dispersion patterns were different from each other at the scale we used. The dispersion map 
depicted the imperfect coincidence in dispersions of eggs and larvae (Fig. 5a and b), also 
indicated by correlation coefficients that were not very high. The possible reason for the 
imperfect map correlation between egg and larval dispersions may be that the environmental 
factors or mortality factors are not uniform at each location of the field. Ellsbury et al. 
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(1997) also stated that since soil conditions vary spatially, dispersions of corn rootworms 
were also likely to vary spatially. 
Soil moisture was positively correlated with egg and larval dispersions (Fig. 5) 
because soil moisture affects both quantity and location of oviposition as well as larval 
survival. The large-scale study in the Ankeny field showed that soil moisture was 
significantly correlated (P < 0.05) with egg dispersion (r = 0.27; n = 97) and larval dispersion 
(r = 0.43; n = 97). Low soil moisture was also significantly correlated with egg dispersion (r 
= 0.26) and larval dispersion (r = 0.21). In general, more western com rootworm eggs were 
found in moist soil than in dry soil because the moist soil attracted adults for oviposition 
(Kirk et al. 1968). Egg dispersions in the Clinton and Menlo fields, however, were not 
significantly correlated with soil moisture. Soil moisture changed considerably in those 
fields, both spatially as well as temporally, possibly due to the complex topographic effects 
on soil moisture. No eggs were detected in sandy areas ( > 65% sand in soil texture) in the 
Clinton County field for two years because sandy soils are rejected as an oviposition site 
regardless of the condition of the surface (Chiang 1973). Soil moisture levels also can be 
modified by topographic factors. This study, however, showed that egg and larval 
dispersions did not significantly correlate (P > 0.05; n = 97) with topographic factors, such as 
altitude (r = -0.10), slope (r = -0.01), and aspects (r = 0.02). 
Site-specific pest management has not been applied to com rootworm control, mainly 
due to the restriction by current management options, such as crop rotation and soil 
insecticide application at planting in Iowa. As those control tactics are preventive, prediction 
of the future com rootworm egg or larval dispersion is needed to generate prescription maps 
to justify preventive site-specific management of com rootworms. This study demonstrated 
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that prediction of egg or larval dispersion may be possible if adult dispersion during the 
previous year and soil moisture dispersion can be mapped. 
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Table 1. Semivariogram parameters for the larval dispersions at three different spatial scales. 
Field Location Scale Model Range(m) Sill Nugget r2 % Variability Explained by Spatial Dependece 
Ankeny Field Large Spherical 86.4 1.45 0.73 0.93 49.7 
Story County Field A Moderate Exponential 41.0 1.67 0.74 0.99 56.0 
Polk County Field A Moderate Exponential 26.2 6.61 1.24 0.80 81.2 
Story County Field B Small Exponential 0.99 2.41 0.92 0.83 62.0 
Story County Field C Small Exponential 0.54 1.71 0.44 0.94 74.3 
Polk County Field B Small Exponential 0.32 3.54 0.01 0.55 99.7 
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CHAPTER 3. SPATIO-TEMPORAL DYNAMICS OF CORN ROOTWORM 
(COLEOPTERA: CHRYSOMELIDAE) LARVAL SURVIVORSHIP AND ADULT 
DISPERSIONS AND CORRELATIONS WITH BIOTIC AND ABIOTIC FACTORS 
A paper to be submitted to the Environmental Entomology 
Yong-Lak Park and Jon J. Tollefson 
Abstract 
Spatial dispersion is not static but dynamic temporally. Multi-year and -location 
studies were conducted to better understand the within- and between-year dynamics of corn 
rootworm adult dispersion and their correlations with environmental factors. Dispersions of 
corn rootworm adult emergence and ear-zone adult counts tended to be aggregated when 
adult populations peaked in the fields. Map correlation between adult emergence and ear-
zone adult counts were significant and between-week correlations of ear-zone adult counts 
were also significant during peak population periods, indicating newly emerged adults might 
stay where they emerged at least for a week. Between-year map correlations of adult ear-
zone counts were significant, implying predicting subsequent year's dispersions of corn 
rootworm adults may be possible. Dispersions of com rootworm adult emergence and adult 
ear-zone counts were affected by soil moisture and corn plant phenology, respectively. This 
study showed that significant within- and between-year correlations of adult dispersions 
existed. Such consistency in spatio-temporal dynamics of com rootworm population may 
justify the site-specific management of com rootworms by predicting the future dispersions. 
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Introduction 
The management of the western corn rootworm, Diabrotica virgifera virgifera 
LeConte, and the northern corn rootworm, Diabrotica barberi Smith and Lawrence, mainly 
targets the first instars and main control options are crop rotation with non-host crops and 
planting-time insecticide treatment. An alternative strategy targets adults and uses aerial 
spraying of insecticide for suppressing adult populations to prevent from egg laying. This 
strategy is also used to prevent silk clipping and subsequent reductions in seed quality for 
production of hybrid seeds. The western com rootworm can potentially transmit and spread 
maize chlorotic mottle virus (Jensen 1985) and com stalk rot fungi (Gilbertson et al. 1986) 
through silk feeding. 
Com rootworm adults emerge from the soil during late June and early July in Iowa 
and begin to feed on com pollen, leaves, and silks within the cornfield in which they emerged 
(Cinereski and Chiang 1968) as long as pollen or green silks are available. Adult beetles 
move out to other fields to search food sources when food becomes scarce (Chiang 1973). 
Plant volatiles are known to be important in host location, leading to adult aggregation 
(Morris et al. 1996). If western com rootworm adults emerge before com pollen is available, 
adults feed on lower leaves until com tassels and silk are available. 
Com rootworm larval survivorship and adult dispersion patterns have been 
characterized using dispersion indices (Steffey and Tollefson 1982, Matin and Yule 1984) 
and by using geostatistics (Midgarden et al. 1993, Rossi et al. 1993, Ellsbury et al. 1997, 
Damell et al. 1999). Ellsbury et al. (1997) reported that western and northern com rootworm 
adult emergences were aggregated in both continuous and rotated com fields. Steffey and 
Tollefson (1982) found that 80% and 61% of the northern and western com rootworms, 
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respectively, were aggregated; mostly when mean adult density was high. Matin and Yule 
(1984), however, reported that the spatial dispersion of northern corn rootworm adults was a 
random pattern when the com was in full bloom and aggregated in early and late in the 
season. Midgarden et al. (1993) found that the spatial dispersion was aggregated when 
yellow sticky traps were used to sample adult com rootworms and Rossi et al. (1993) 
reported that the spatial dispersion of northern com rootworm adults was aggregated. 
Darnell et al. (1999) found that significant small-scale spatial aggregation occurred around 
peak pollination periods and adult spatial patterns can be affected by changes in crop 
phenology. Com rootworm dispersion may be dependent upon not only plant phenology but 
also environmental factors. Adult emergence is affected by the combination of topography 
and soil moisture (Ellsbury et al. 1997), tillage practice (Gray and Tollefson 1988), and plant 
density (Weiss et al. 1983). 
Not only spatial dispersion, but also temporal changes in dispersion are important to 
understanding of the dynamics of com rootworm populations. Spatio-temporal dynamics of 
com rootworms within a year were studied by Midgarden et al (1993), Matin and Yule 
(1984), and Darnell et al. (1999). They found that dispersion patterns of adults were not 
consistent, but changed during the growing season. No studies for the between-year 
correlations of dispersions have been done, although they are important to preventive com 
rootworm management. If there are consistent distributions from year to year, com 
rootworm dispersions in the future could possibly be predicted. This can lead to the site-
specific management of com rootworms which involves measuring the within-field 
variability, mapping dispersions of pests or plant damage (Pedigo 2002), and making 
decisions based on information on the map. 
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The objectives of this study were: 1) to characterize the spatio-temporal dynamics of 
adult dispersion 2) to analyze the within- and between-year correlations of corn rootworm 
adult dispersions, and 3) investigate the effect of biotic and abiotic factors on the spatio-
temporal dynamics of corn rootworm adult dispersions. 
Materials and Methods 
Experiments were conducted in three 8-ha fields of corn planted after com 
(continuous cornfields) near Ankeny (Polk County), Menlo (Guthrie County), and Clinton 
(Clinton County) Iowa in 2000 through 2002. The Ankeny field was relatively flat with 4 m 
of maximum altitude difference in the field. The Clinton and Menlo fields were hilly, with 
maximum altitude differences of 16 m. A hexagonal-grid sampling plan with 25-m sampling 
distance was used (Fig. la). A hexagonal-grid sampling plan was used because it provided 
the best estimate of the spatial structure (Schotzko and O'Keeffe 1990). Grids were laid out 
virtually in the fields using the differentially corrected global positioning system (DGPS, 
Trimble, Sunnyvale, CA). An emergence trap described by Hein and Tollefson (1985) was 
placed at each sample point to catch adults as they emerged from the soil. Adult sampling 
was done weekly after the first adults were captured in the field. Altitude was measured 
using DGPS and slope and aspect at each sample point were calculated by using the 
geographic information system (ArcGIS®, Environmental System Research Institute, San 
Diego, CA). As the GPS unit had a maximum 1,5-m error range horizontally, anywhere 
within 1.5-m-radius circle at each sample point was considered as the same sample points 
(Fig. lb). Within the circle, numbers of com rootworms within the ear-zone of com plants 
were counted and plant stage, plant height, and soil moisture were sampled with 5-10 
replications depending on variables. Soil moisture was measured weekly with Hydro Sense® 
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(Decagon, Pullman, WA) by averaging the values from probing 10 locations within the 1.5-
m-radius circle at each sample point. Sampling was done between 9:00am and 4:00pm to 
reduce the variability in adult com rootworm counts due to diel flight activity (Witkowski et 
Characterization of Dispersion. Geostatistics was used to characterize the spatial 
dispersion pattern and produce dispersion maps of com rootworm adult emergence and ear-
zone counts. Two main steps in geostatistical analysis are semivariogram modeling for 
describing spatial pattern and kriging for estimating values at unsampled locations. 
Geostatistics considers the spatial dependence, which means that samples spatially close to 
one another are more similar to one another than to more distant samples (Williams et al. 
1992). The variogram is a graph of the spatial dependence and plots the squared difference 
of a sample pair against the distance between sample points (Davis 1994). When variogram 
values are divided by two, then it is called a semivariogram. Semivariogram functions can 
be defined as, 
where/(A) is semivariance at the lag distance, h , Z(x t )  is the measured sample value at 
sample point x., Z(x i + h  ) is the sample value at x i + h , and n(h)  is the total number of sample 
pairs for any separation distance. Three key features of the semivariogram are used to 
analyze the spatial structure and to determine dispersion patterns. The range is the distance 
at which the semivariogram reaches a maximum. In other words, range is the lag distance 
beyond which samples are spatially independent. In exponential and Gaussian models, the 
range is usually assumed to be the point at which the model includes 95% of the sill as the 
al. 1975). 
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semivariogram is asymptotic (Rossi et al. 1992). The sill is the value of the semivariance at 
any distance greater than or equal to the range. The nugget is the value of the 
semivariogram when lag distance equals zero. The nugget is composed of experimental 
errors and random effect or microscale variation. The ratio of the nugget to the sill is 
referred to as the relative nugget effect (Rossi et al. 1993). The least number of sample pairs 
needed to estimate the variance reliably was 30 at each lag (Journel and Huijbregts 1978). 
The shape of the plot reveals the degree of association in the data as well as 
determines the dispersion patterns such as uniformity, randomness, trend, and aggregation. 
For the uniform distribution, all values are essentially the same, and thus the variogram 
appears nearly horizontal. For the random distribution, average variance between values 
does not change with distance. Thus the random dispersion pattern shows no spatial 
dependence and the shape of the plot will be linear and horizontal. Small semivariogram 
values at short lags correspond to data that are closer together and more alike, indicating the 
existence of spatial dependence. A parabolic shape indicates a high degree of aggregation. 
Trend can be thought of as a pattern whose dimensions are larger than the sampling space. 
Because of the trends, the local mean and variance will be different with location and 
direction. A linear but non-horizontal shape indicates a moderately aggregated distribution 
or trend (Williams et al. 1992), with a range of spatial dependence that exceeds the scale of 
the study. Dispersion maps were generated with ordinary kriging by using semivariogram 
parameters. 
Map-Correlation Analysis. The similarity between maps was checked with map 
correlation. Map-correlation coefficients were calculated based on sample-to-sample 
correlations using SAS (PROC CORR; SAS Institute, 1999). High and positive correlation 
between two dispersion maps, i.e., correlation coefficients closer to 1, assures the dispersion 
maps are more likely to be similar, and high but negative correlations, i.e., correlation 
coefficients closer to -1, indicates the map surface pattern of two dispersion maps are 
opposite. 
Results and Discussion 
Species compositions of com rootworms in this study were consistent in each field 
over years although population levels differed each year. Species ratios of northern to 
western com rootworms were approximately 1:3, 1:1, and 1:2 in Clinton, Ankeny, and Menlo 
fields, respectively. Ear-zone adult counts peaked between July 19th and July 28th in all fields 
in this study and it corresponded with 3-4 weeks after the first adults were captured in the 
field. Adult emergence peaked at the same time when adult ear-zone counts peaked except in 
the Ankeny field in 2001 when peak emergence was delayed one week. Population levels of 
adults in 2001 were four times higher than those of 2000 in the Ankeny and Clinton fields. 
The population level of adult beetles in the Ankeny field in 2002 was two times higher than 
that of 2001. 
Weekly dispersion patterns of adult emergence were not consistent in each field each 
year (Table 1). In general, a linear model fit the Ankeny field data in 2000 and 2001 best in 
the semivariogram, indicating spatial trends existed or the spatial scale for this study might 
not have been large enough to detect sills in the semivariograms. Ellsbury et al. (1997) used 
a larger spatial scale than was used in this study and they found that sills existed when the 
range was 115-556 m, which exceeded the spatial scale of this study. The Ankeny field in 
2002 showed that the nugget model fit the best in the semivariogram modeling, indicating 
random or uniform dispersion patterns at the scale used. Semivariograms in the Clinton 
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fields in 2000 and 2001 did not have significant r2 values during most of the weeks, 
indicating that there might not be detectable structure. A spatial dependence existed in the 
Menlo field during the peak population period, but dispersion patterns were random or 
uniform early and late in the season. Semivariograms for total adult emergence from all 
fields showed that dispersion patterns varied in each field over years. Overall adult 
emergence patterns were not consistent in each field, each year. 
Semivariograms of ear-zone adult counts showed consistent spatial dependence in 
each field and year when adult populations peaked in the field (Table 2). The linear model 
fit the semivariograms best in the Ankeny field, indicating spatial trends existed. The 
direction of trends was from the west to the east and the eastern parts of the field had higher 
adult populations. Such trends were consistent every week in each year. Spatial dependence 
existed in the Clinton field throughout the growing season. Spatial dependence, however, 
existed in the Menlo field only during peak population periods. Overall, the dispersion 
pattern of adults differed in each field but, in general, the dispersion patterns tended to be 
aggregated during peak adult population and random early and late in the season. Steffey 
and Tollefson (1982) found that 20% and 39% of the northern and western com rootworms, 
respectively, were randomly distributed when mean adult density was low. This study, using 
geostatistics, also showed that dispersion patterns at low adult population were not always 
significantly different from an aggregated pattern and that dispersion patterns at high adult 
population were not always significantly different from a random pattern. Steffey and 
Tollefson (1982) also stated that the spatial dispersion of northern and western com 
rootworm adults tended to be density dependent. Darnell et al. (1999), however, reported that 
small-scale spatial dependence of adults appeared to be independent of adult density. Our 
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study indicated that spatial dependence within a year seemed to be density dependent, as 
indicated by high spatial dependence during peak population periods and low or lack of 
spatial dependence early and late in the season (Table 2). 
Population changes at each sample point can be checked by comparing adult 
emergence and ear-zone counts in the field because adult emergence is the primary source of 
adult beetles on plants at each sample point, although adult movement is always possible. 
The correlation between adult emergence and ear-zone counts tended to be higher when 
populations peaked (Table 3), indicating many of the corn rootworms might stay where they 
emerged at least for a week during peak population periods. In contrast, the correlation 
between adult emergence and ear-zone counts tended to be lower early and late in the season, 
indicating movement was greater. Between-week correlations of adult ear-zone counts were 
also positive and significant in most case during the peak population periods (Table 4), 
indicating that within a week the dispersion did not change much. 
Between-week correlations of adult emergence were significant (P < 0.05), especially 
during peak population periods (Table 4). The Menlo field did not show such a tendency, 
possibly because the peak periods of adult ear-zone count and adult emergence were not 
correlated. These results can be explained by the correlation of adult distributions with the 
distribution of environmental factors such as corn phenology and soil moisture. Ear-zone 
adult counts at peak population periods synchronized with tasseling and silking stage of corn 
plants in this study. Adults feed on fresh corn pollen, and silks within the cornfield where 
they emerge as long as fresh food is available. When food becomes scarce within such 
fields, they begin to disperse (Chiang 1973). The map correlations between adult dispersion 
during peak adult population periods (Fig. 2) and corn plant phenology were positive and 
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significant (r = 0.25 - 0.48; P < 0.05; n = 85 - 97) in all fields. This result agrees with 
Darnell et al. (1999) who found that the corn phenology appeared to be a key factor that 
influenced when significant correlations were detected. However, Matin and Yule (1984) 
reported that the spatial dispersion of northern corn rootworm adults was random when the 
corn was in full bloom and aggregated early and late in the season. They thought that the 
adult northern com rootworm dispersed when the majority of the plants bloomed so the 
distribution became random when silks began drying out, adults migrated to fresher silks in 
the field so the dispersion became aggregated. Our study, however, showed that the com 
rootworm adult distribution was still aggregated even though all com plants were silking 
throughout the field at certain periods of growing season. 
Between-year adult ear-zone counts were positively correlated during peak 
population periods, indicating some degree of predictability of next year's adult dispersion 
(Table 5). Between-year correlations of adult emergence also tended to be higher during 
peak population periods, but the correlation was weaker than those of ear-zone adult counts. 
These results indicated that the future dispersion of adult emergence and ear-zone counts 
may possibly be predicted, although correlation coefficients were not high. Moreover, if a 
spatial trend exists and is consistent over years, then long-term prediction is also possible. 
The Ankeny field showed such a spatial trend; eastern parts of the field had consistently 
higher populations during the three years. The higher aggregations in the eastern part of the 
field can be affected by soil moisture and com phenology. 
Correlation between soil moisture and adult emergence was positive and significant 
(P < 0.05) only in the Ankeny field for the three years (Fig. 2). This result agreed with 
Ellsbury et al. (1998) who observed that the highest emergence of both rootworm species 
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occurred in the same areas of the field, generally on higher, better drained ground found and 
lowest emergence was often from the most poorly drained sections. Altitude was positively 
correlated with total emergence (r = 0.11 - 0.22; P < 0.05; n = 89 - 97) only in the Ankeny 
field. Aspects and slope, were not significantly (P < 0.05) correlated with adult ear-zone 
counts and adult emergence. 
Our between-week and -year correlation analysis showed that spatio-temporal 
consistency between years existed although correlation coefficients were not high. Sampling 
to predict the future distribution of adults should target the peak population periods because 
higher between- and within-year correlation were found during peak population periods. 
Peak population periods can be predicted using the emergence model by Nowatzki et al. 
(2002). This can lead to site-specific management of com rootworms which involves 
measuring and mapping the within-field variability of pests and managing them based on the 
dispersion map. Consistent between-year adult dispersions also can relieve sampling costs 
by showing where greatest pest threat exists. 
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Table 1. Semivariogram parameters for the number of adults per emergence trap. Peak population weeks are bold. 
Field and Year Parameters WAB* 1 WAB 2 WAB 3 WAB 4 WAB 5 WAB 6 WAB 7 WAB 8 WAB 9 Cumulative 
Ankeny 2000 Model Linear Nugget Linear Linear Nugget Linear Spherical Nugget Linear Spherical 
Nugget 0.03 0.02 1.08 1.78 2.24 0.50 0.01 0.77 0.05 0.01 
Sill 0.04 0.02 1.18 2.23 2.24 0.57 1.25 0.77 0.56 15.19 
Range 
- - - - - -
48.20 
-
32.10 
rz 0.08 0.15 0.49 0.54 0.73 0.28 0.84 0.18 0.90 0.26 
Ankeny 2001 Model Nugget Linear Linear Linear Linear Linear Linear Nugget Linear 
Nugget 0.02 6.97 7.70 6.63 11.30 4.26 0.78 0.24 59.81 
Sill 0.02 7.30 8.39 6.73 16.56 5.93 1.14 0.24 97.98 
Range 
- - - - - - - - -
/ 0.59 0.07 0.31 0.00 0.89 0.92 0.84 0.14 0.77 
Ankeny 2002 Model Linear Nugget Nugget Nugget Nugget Nugget Nugget Nugget Nugget 
Nugget 0.09 1.19 0.73 0.22 0.19 0.12 0.06 0.01 15.18 
Sill 0.12 1.19 0.73 0.22 0.19 0.12 0.06 0.01 15.18 
Range 
- - - - - - - - -
/ 0.76 0.72 0.30 0.19 0.26 0.54 0.35 0.22 0.56 
Clinton 2000 Model Linear Linear Linear Nugget Nugget Spherical Nugget Linear Nugget Nugget 
Nugget 0.02 2.60 10.87 9.38 1.88 0.08 1.79 1.80 1.58 85.27 
Sill 0.02 2.60 10.95 9.38 1.88 1.75 1.79 1.87 1.58 85.27 
Range 
- - - - -
24.90 
- - • 
/ 0.05 0.00 0.00 0.01 0.05 <0.001 0.20 0.51 0.39 0.03 
Clinton 2001 Model Linear Nugget Nugget Nugget Linear Linear Linear Linear Linear 
Nugget 0.00 0.49 0.43 0.97 0.26 0.15 0.06 0.04 5.00 
Sill 0.03 0.49 0.43 0.97 0.27 0.19 0.07 0.05 5.85 
Range 
- - - - - - - - • 
r2 < 0.001 0.19 0.00 0.00 0.06 0.79 0.48 0.03 0.70 
Menlo 2001 Model Nugget Nugget Linear Spherical Exponential Nugget Nugget Linear Nugget 
Nugget 0.00 0.20 0.58 1.39 0.16 0.38 0.08 0.03 5.51 
Sill 0.00 0.20 0.68 2.79 0.81 0.38 008 0.03 5.51 
Range 
- - -
88.40 30.90 
- - - • 
r2 0.12 0.03 0.68 0.67 0.91 0.06 0.46 0.04 0.44 
* weeks after the first beetles captured in the emergence trap. 
Table 2. Semivariogram parameters for the number of adults ear-zone counts. Peak population weeks are bold. 
Field and Year Parameters WAB* 1 WAB 2 WAB 3 WAB 4 WAB 5 WAB 6 WAB 7 WAB 8 WAB 9 
Ankeny 2000 Model Linear Linear Nugget Linear Linear Linear Linear Nugget -
Nugget 0.00 0.00 0.00 0.01 0.03 0.01 0.00 0.01 -
Sill 0.00 0.00 0.00 0.03 0.05 0.02 0.01 0.01 -
Range 
- - - - - - - - -
r2 0.26 0.78 0.09 0.83 0.92 0.86 
-
Ankeny 2001 Model Nugget Linear Linear Linear Linear Linear - - -
Nugget 0.01 0.14 0.07 0.08 0.18 0.02 - - -
Sill 0.01 0.37 0.30 0.32 0.22 0.03 - - -
Range 
- - - - - - - - -
r2 <0.001 0.93 0.76 0.91 0.61 0.27 
- - -
Ankeny 2002 Model Exponential Linear Linear Linear Linear Linear Linear Linear -
Nugget 0.00 0.23 0.47 0.47 0.19 0.11 0.07 0.02 -
Sill 0.11 0.35 0.71 0.81 0.36 0.15 0.08 0.02 -
Range 20.60 - - - - - - - -
r2 0.91 0.64 0.91 0.42 0.46 0.23 0.49 0.56 
-
Clinton 2000 Model Linear Spherical Linear Linear Linear Linear Linear Linear -
Nugget 0.00 0.01 0.26 0.06 0.10 0.05 0.08 0.01 -
Sill 0.00 0.07 0.26 0.09 0.12 0.06 0.10 0.01 -
Range - 65.20 - - - - - - -
r2 0.41 0.97 0.00 0.63 0.77 0.61 0.40 0.33 
-
Clinton 2001 Model Linear Spherical Spherical Spherical Exponential Linear Exponential - -
Nugget 0.02 0.01 0.20 1.41 0.04 0.31 0.05 
- -
Sill 0.03 0.07 0.62 3.12 0.49 0.45 0.50 - -
Range 
-
65.20 87.70 100.00 15.50 - 17.10 - -
r2 <0.001 0.97 1.00 0.93 0.79 0.91 0.67 
- -
Menlo 2001 Model Nugget Nugget Linear Spherical Spherical Nugget Spherical Nugget -
Nugget 0.00 0.15 0.43 0.00 0.00 0.83 0.01 0.00 
-
Sill 0.00 0.15 0.52 3.02 2.88 0.83 0.11 0.00 -
Range 
- - -
52.20 94.50 
-
78.80 
- -
r2 0.05 0.01 0.59 0.67 0.83 0.04 0.73 0.00 -
* weeks after the first beetles captured in the emergence trap. 
Table 3. Map correlations between adult emergence and ear-zone adult counts. 
Field and Year n WAB* 1 WAB 2 WAB 3 WAB 4 WAB 5 WAB 6 WAB 7 WAB 8 WAB 9 
Ankeny 2000 89 0.44 0.06 0.18 0.00 0.12 0.09 0.06 0.00 
Ankeny 2001 97 -0.02 0.15 0.34 0.26 028 0.26 
- -
Ankeny 2002 97 020 0.44 0.25 038 -0.06 -0.01 0.17 0.25 
Clinton 2000 89 -0.03 0.26 0.22 0.04 -0.03 0.04 0.12 0.25 
Clinton 2001 89 0.17 0.43 0.45 0.21 0.18 0.18 0.14 
Menlo 2001 84 
-
0.55 0.33 0.05 0.05 0.03 0.25 -0.10 
* weeks after the first beetles captured in the emergence trap. 
Table 4. Between-week map correlations of corn rootworm adult population. 
Field and Year n 
WAB* 1 
vs 
WAB2 
WAB 2 
vs 
WAB3 
WAB 3 
vs 
WAB4 
WAB 4 
vs 
WAB5 
WAB 5 
vs 
WAB6 
WAB 6 
vs 
WAB7 
WAB 7 
vs 
WAB8 
WAB 8 
vs 
WAB9 
Ear-zone counts 
-
Ankeny 2000 89 0.37 -0.05 0.15 0.40 0.06 0.09 0.00 
-
Ankeny 2001 97 0.07 0.45 0.72 0.31 0.18 - - -
Ankeny 2002 97 0.35 0.50 0.44 0.96 0.43 0.12 0.09 
-
Clinton 2000 89 0.44 0.37 0.27 0.41 0.42 0.34 0.23 
-
Clinton 2001 89 0.35 0.59 0.46 0.30 0.36 0.40 
- -
Menlo 2001 84 
-
0.29 0.14 0.38 0.17 0.05 -0.09 
-
Adult emergence -
Ankeny 2000 89 0.95 0.31 0.29 0.27 0.05 -0.02 0.00 0.02 
Ankeny 2001 97 0.26 0.34 026 0.12 0.34 0.28 0.11 
-
Ankeny 2002 97 0.35 0.42 -0.20 -0.10 0.31 0.40 0.34 0.12 
Clinton 2000 89 0.16 0.45 0.58 0.04 0.21 0.28 0.11 0.32 
Clinton 2001 89 0.34 0.59 0.34 0.60 0.27 0.48 0.34 
-
Menlo 2001 84 0.22 0.51 0.51 0.60 028 0.55 0.45 
-
* weeks after the first beetles captured in the emergence trap. 
Table 5. Between-year correlations of corn rootworm adult population. 
Field and Year n WAB* 1 WAB 2 WAB 3 WAB 4 WAB 5 WAB 6 WAB 7 WAB 8 WAB 9 
Ear-zone counts 
Ankeny 2000 vs 2001 89 -0.02 -0.11 0.03 0.54 0.21 0.01 
Ankeny 2001 vs 2002 97 0.07 0.37 0.54 0.51 0.33 -0.02 
Ankeny 2000 vs 2002 89 -0.11 0.31 0.17 0.02 -0.05 0.08 -0.04 0.07 -0.10 
Clinton 2000 vs 2001 89 0.56 0.35 0.15 0.18 0.23 0.29 0.17 
Adult emergece 
Ankeny 2000 vs 2001 89 -0.02 0.37 0.08 0.06 -0.08 0.11 0.18 -0.01 
Ankeny 2001 vs 2002 97 -0.01 0.26 0.14 0.35 -0.01 -0.03 -0.12 0.15 -0.03 
Ankeny 2000 vs 2002 89 -0.10 -0.19 0.06 0.24 0.11 0.05 0.09 
Clinton 2000 vs 2001 89 0.06 0.27 -0.01 0.11 0.03 0.18 0.21 0.04 
* weeks after the first beetles captured in the emergence trap. 
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CHAPTER 4. CHARACTERIZATION OF THE SPATIAL DISPERSION OF CORN 
ROOT INJURY BY CORN ROOTWORMS (COLEOPTERA: CHRYSOMELIDAE) 
USING GEOSTATISTICS 
A paper to be submitted to the Journal of Economic Entomology 
Yong-Lak Park and Jon J. Tollefson 
Abstract 
The dispersion of root injury by corn rootworms was characterized using geostatistics 
and the effect of the root injury levels on the spatial dependence of root injury was 
investigated at three different spatial scales. In a large-scale study, the dispersion patterns of 
root injury exhibited either an aggregated or random pattern. In a small-scale study, all the 
semivariograms were best fit with an exponential model and 75% to 89 % of the variability 
was explained by spatial dependence, indicating a high degree of spatial aggregation of root 
injury by com rootworms larvae. In a microscale study, the Gaussian, exponential, or 
spherical models fit the semivariograms best and 10% to 81 % of variability was explained 
by spatial dependence. The microscale study also showed that the degree of spatial 
dependence increased as the average root injury level increased within the range of root 
injury in this study. This study indicated that the minimum distance between samples in 
common post-planting insecticide evaluation for them to be independent was > 1 m or every 
4-5 plants in a row. 
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Introduction 
Larvae of corn rootworms, Diabrotica spp. feed primarily on com roots in the soil 
causing plant lodging and yield reduction. Yield loss attributed to com rootworms annually 
cost producers millions of dollars in 1990s (Krysan and Miller 1986). The common cultural 
practices to protect com roots from com rootworm larval feeding are rotating com with non-
host plants or treating fields with soil insecticides at planting time. Alternative ways to 
control com rootworm larvae are tilling soils to reduce larval hatching by increasing egg 
mortality (Gray and Tollefson 1988), delaying planting date to reduce the availability of com 
roots for early hatching larvae (Bergman and Turpin 1984, Oloumi-Sadeghi and Levine 
1989), and planting resistance Bt com varieties. 
Com rootworm larval feeding on com roots hinders absorption of water and 
nutrition, photosynthesis (Hou et al. 1997, Riedell and Reese 1999), hormone biosynthesis by 
the roots (Riedell 1993), biomass allocation and carbohydrate storage (Dunn and Frommelt 
1998), or plant anchorage by destroying integrity of root systems of the com plant (Spike and 
Tollefson 1991). Severe lodging is generally the result of strong winds and heavy rain 
coinciding with rootworm larval feeding, resulting in mechanical losses at harvest. To 
quantify such root damage by com rootworm larvae, root-damage rating, root-pull resistance, 
larval counts, and percent lodged plants (Mayo 1986) have been used. The most widely 
accepted method has been root-damage ratings such as the Iowa root-damage rating (Hills 
and Peters 1971) and the 1-9 scale (Musick and Suttle 1972). These indices were originally 
developed to evaluate post-planting insecticide treatments. The indices themselves are not 
linear quantifications of root injury. More recently, the Iowa State Node-Injury Scale has 
been proposed to provide more linear relationships between the scale and root injury (Rice 
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and Oleson 2000). 
Spatial dispersion is a main characteristic of insect populations. Dispersion pattern 
provides useful information for developing effective sampling and scouting programs 
because it affects sampling accuracy, efficiency, and precision. Accordingly, extensive 
studies have been conducted for the last 40 years to characterize the dispersion of insect 
populations using various indices (Taylor 1961, Lloyd 1967, Iwao and Kuno 1971, Kuno 
1991, Southwood 1978, Pedigo and Buntin 1994). Although these indices are convenient 
and easy to implement, they have been criticized because the measured pattern was 
sometimes dependent on the quadrat size or the same index could give different patterns 
(Davis 1994). A main criticism in the view point of spatial analysis would be that those 
indices ignored the spatial location of samples with the assumptions that any one datum is 
independent of all other data and the data are distributed identically (Vieira et al. 1982, Rossi 
et al. 1992, Liebhold, et al. 1993). 
Another way to characterize dispersion is by using geostatistics that consider the 
spatial dependence of each datum. Spatial dependence, or spatial correlation, means that 
samples spatially close to one another are more similar to one another than to more distant 
samples (Williams et al. 1992). Geostatistics is a set of procedures to analyze and model 
spatial relationships of a given spatial phenomena by using the spatial variation of the 
direction and distance between samples (i.e., variogram modeling) and by predicting spatial 
phenomena at unsampled locations (i.e., kriging). The variogram is a graph of the spatial 
dependence of an organism and plots the sample variance of the sample pair difference 
against the distance between sample points (Davis 1994). The shape of the plot reveals the 
degree of association in the data as well as determines the dispersion patterns such as 
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uniformity, randomness, trend, and aggregation. The semivariogram provide mathematical 
formula for kriging, which is an interpolation tool that estimates values at unsampled 
locations and creates surface maps. Kriging is a weighted moving-average technique that 
uses the semivariogram parameters to obtain the relationship between data points. Kriging is 
designed to minimize the effect of the relatively high variance of the sample values by 
including knowledge of the covariance between the estimated point and other sample points 
within the range. 
Although corn rootworm egg, larva, and adult dispersions were characterized with 
dispersion indices (Bergman et al. 1983, Midgarden et al. 1993, Matin and Yule 1984) and 
geostatistics (Midgarden et al. 1993, Darnell et al. 1999, Ellsbury et al. 1997; 1998), the 
dispersion of root damage has not investigated. The objectives of this study were 1) to 
characterize the spatial structure of the root injury caused by corn rootworm larvae using 
variograms and 2) to investigate the effect of spatial scales and root injury levels on spatial 
dependence of root injury. In this study, dispersions at three different spatial scales and 
various root damage levels were investigated as spatial dispersion patterns often depend upon 
population density levels and spatial scales. 
Materials and Methods 
Experiments were conducted in fields of com planted after com (continuous 
cornfields) throughout Iowa. A total of six large-scale, six small-scale, and eight micro-scale 
spatial studies were conducted. 
Large-Scale Study. Large-scale experiments were conducted in two 8-ha 
cornfields near Ankeny (Polk County), Menlo (Guthrie County), and Clinton (Clinton 
County) during 2000-2002 summer seasons. A hexagonal-grid sampling plan with 25-m 
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sampling distance was used (Fig. la). A total of 85 to 97 sample points were assigned in the 
cornfields. Grids were laid out virtually on to the fields using the differentially corrected 
global positioning system (DGPS; Trimble, Sunnyvale, CA). At each sample point, one root 
was dug, washed, and rated for root damage on the Iowa State Node-Injury Scale (Rice and 
Oleson 2000). Ankeny field was sampled for three years (2000 - 2002), the Clinton field 
was sampled for two years (2000 and 2001), and the Menlo field was sampled in 2001. 
Small-Scale Study. Small-scale experiments were conducted in six cornfields in 
Polk, Story, and Clinton Counties. The grid pattern was specifically designed so that 
semivariogram values at each lag distance could be calculated from more than 30 sample 
pairs. Sampling was done in two, 50 m x 50 m plots and three 15 m x 100 m plots. All plots 
were located in different cornfields. Inside the 50 m x 50 m area, a grid with 49 grid points 
was virtually laid out onto the field using the DGPS and then four sample points (i.e., four 
consecutive plants) were sampled at each grid point (Fig. lb). Within the 15 m x 100 m area, 
40 sample points were laid out and five additional sample points were added at each sample 
point. Therefore 196 and 200 roots were dug in 50 m x 50 m and 15 m x 100 m areas, 
respectively. From each sample point, one root was dug, washed, and rated for root injury on 
Iowa State Node-Injury Scale. 
Micro-Scale Study. Micro-scale experiments were conducted in four cornfields in 
Polk County, three cornfields in Clinton County, and one cornfield in Story County. The size 
of each plot was 5 m x 5 m and this area covered five rows of com plants (Fig. lc). Each row 
of com plants included approximately 20 plants. All roots in each plot were dug, washed, 
and rated for root injury on Iowa State Node-Injury Scale. Row spacing was 0.762 m and 
planting space was approximately 0.2 m. 
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Geostatistical Analysis. Geostatistics was used to characterize the dispersion pattern 
and generate surface maps. Before variogram modeling, exploratory data analysis (EDA) 
was performed. EDA includes checking outliers, normality of data, and trend. If data is 
skewed or had outliers it was transformed and outliers were removed. A semivariogram for 
each field in each scale was generated using GS+ 5.3 (Gammadesign, Plainwell, MI). If the 
number of sample pairs at certain lag distance was less than 30, then the semivariogram value 
for that lag distance was excluded in semivariogram modeling. Dispersion maps were 
generated with ordinary kriging and cross-validation was conducted to check the 
performance of semivariogram models. In a cross-validation process, values were kriged at 
each sampled location, assuming that a particular sample was missing. Then the kriged 
values and the true values were compared. Differences between these two values, called the 
cross-validated residual, were used to assess the performance of the semivariogram model. 
The best semivariogram models and surface maps were chosen based on the best cross-
validation result. Characterization of spatial structure and determination of dispersion 
patterns were based on semivariogram models and parameters such as nugget, sill, and range. 
In small-scale and microscale studies, the possible shortest lag distance was 0.2 m, 
which was the planting distance between corn plants. Thus, we used the semivariogram 
values at lag distance 0.2 m as practical nugget values. Percent variability explained by 
spatial dependence was calculated by taking percent variability of nugget to sill. 
Results 
In the large-scale study, root injury by com rootworm larval feeding was either 
aggregated or random. The semivariograms of root injury in the Clinton field in 2000 and in 
the Ankeny field in 2000 were best fit with exponential or spherical models, respectively 
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(Fig. 2), indicating the existence of aggregations. Corresponding kriged maps also revealed 
some aggregation of root injury within cornfield and 60.0 % to 74.4 % of the variability was 
explained by spatial dependence, indicating a moderate to high degree of aggregation. The 
semivariograms of the other years and cornfields were best fit with a linear or nugget models. 
The shape of semivariograms in the Ankeny fields in 2001 and 2002 were linear with slopes, 
indicating the existence of a possible trend in root injury with a range of spatial dependence 
that exceeded the scale of the study (Fig. 2). Trends occur when patterns are larger than 
sampling space or the significant lag classes (Rossi et al. 1992). The plots of the 
semivariances in the Clinton field and Menlo field in 2001 were linear and horizontal; this is 
called a pure nugget effect. Pure nugget effects arise from very large point-to-point variation 
at short distances of separation, indicating a total absence of spatial correlation at the 
sampling scale used and that the dispersion pattern was closer to random. Thus, average root 
injury can be the best estimator at any point in the cornfield with pure nugget effect. Kriged 
maps from the linear model and pure nugget effect showed that the surfaces were not smooth 
due to very large variations at short distances of separation. Overall, the dispersions of root 
injury were not consistent among years and locations at the scales used. Also, the amount of 
root injury did not affect the degree of spatial dependence at the large scale. 
In the small-scale study, an exponential model fit all the semivariograms best, 
indicating the existence of spatial aggregation of root injury by com rootworms (Fig. 3). 
About 75.3% to 89.3 % of the variability was explained by spatial dependence, also 
indicating a high degree of aggregation. The ranges of semivariograms were 2.0 to 22.82 m 
but mainly fell within 2 to 4 m, indicating that distances greater than 4 m would provide 
independent samples at this scale. The amount of root injury, however, did not affect the 
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degree of spatial dependence at this scale. 
In the microscale study, Gaussian, exponential, or spherical models fit the 
semivariograms best, indicating aggregation of root injury at this scale (Table 1). 
Approximately 10% to 81 % of the variability was explained by spatial dependence, also 
indicating the existence of spatial aggregation of root damage by corn rootworms. The 
ranges of semivariograms were 0.18 to 4.3 m, which agreed with the small-scale study but 
the ranges mainly fell within 0 to 2 m, indicating 2 m would be the minimum distance 
provide independent samples at this scale. The amount of root injury affected the degree of 
spatial dependence at this scale. As the amount of root injury increased the degree of spatial 
dependence also increased (Fig. 4). 
Discussion 
Overall, general dispersion patterns of root injury by com rootworms were aggregated 
in small- and microscale studies. The random and trend patterns were found in large -scale 
study where the semivarograms were fit best by the linear model or nugget model (Fig. 3). 
The random pattern arose from very large point-to-point variation of root damage at less than 
25 m distances of separation, indicating a total absence of spatial correlation at the sampling 
scale used. 
The possible root injury dispersion pattern may be deduced from the dispersion 
pattern of the larval stage. Bergman et al. (1983) determined the dispersion pattern of com 
rootworm larvae in 13 fields using stratified random sampling design. They found that 11 
out of 13 fields exhibited aggregated dispersion patterns by using the variance-to-mean ratio 
and Taylor's power law. Because the movement of com rootworm larvae is very restricted in 
the soil, the overall dispersion pattern of root injury caused by com rootworm larvae may be 
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similar to that of larval dispersion. Our study showed that there was significant correlation 
between root injury and larval dispersion (r = 0.65, P < 0.05; n = 97), indicating there was 
some impact of rootworm density on root damage dispersions. 
In microscale study, the percent variability explained by spatial dependence 
increased as root injury increased (Fig. 4). The degree of aggregation is expected to decrease 
after an average root injury of 1.5 on the node-injury scale because the dispersion pattern 
would be uniform when the whole field reached maximum injury, i.e., the degree of 
aggregation decreases as root injury approaches 3.0. 
This study reports the minimum sampling distance to get independent samples of root 
injury. The minimum distance is dependent upon the scale of the study, but generally root 
damage by corn rootworm larvae can be similar within 4 m according to the semivariograms 
in small- and microscale studies. To evaluate postplanting insecticide treatments the most 
commonly used experimental design is a randomized complete block, replicated three to six 
times, with single-row treatments at several locations (Mayo 1986). This type of 
experimental design reduces possible trends in soil properties within the fields. We assumed 
possible trends in the data were removed by blocking in the experiments. Thus, we removed 
any possible trends from the semivariograms in the microscale study by using trend analysis 
in Geostatistical Analyst® in ArcGIS ® (Environmental System Research Institute, San 
Diego, CA). The semivariograms still exhibited aggregated spatial structures with < 1 m 
ranges after removing trends (Table 2). This indicates that the minimum distance to get 
independent samples in common insecticide treatment evaluations is sampling of plants that 
are four or five plants apart in a row. 
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Fig. 1. Grid layout for large-(a), moderate-(b), and small scale (c) studies. 
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Fig. 4. Density-dependent spatial dependence of root injury. 
Table. 1. Semivariogram parameters for root injury at small-scale experiment. 
Field 
Average Root 
Injury Variogram Model Nugget Sill Range(m) 
% Variability 
Explained by 
Spatial Dependece 
r2 
Clinton County A 1.47 Gaussian 0.06 0.34 1.62 81.3 0.84 
Clinton County B 1.99 Exponential 0.10 0.15 0.18 32.2 0.74 
Clinton County C 1.61 Exponential 0.21 0.59 2.31 64.1 0.92 
Polk County A 1.23 Spherical 0.13 0.20 0.80 31.2 0.61 
Polk County B 1.29 Gaussian 0.11 0.23 0.54 50.2 0.70 
Polk County C 1.34 Spherical 0.15 0.28 4.31 45.5 0.82 
Polk County D 0.54 Spherical 0.11 0.14 1.08 23.0 0.72 
Story County 0.26 Spherical 0.01 0.02 0.35 10.4 0.44 
Table. 2. Semivariogram parameters for root injury at small-scale experiment after removing trends. 
Field Variogram Model Nugget Sill Range(m) 
% Variability 
Explained by 
Spatial Dependence 
Clinton County A Spherical 0.22 0.15 1.01 41.2 
Clinton County B Spherical 0.15 0.12 0.51 44.3 
Clinton County C Spherical 0.09 0.03 0.55 25.4 
Polk County A Spherical 0.09 0.04 0.92 27.5 
Polk County B Spherical 0.05 0.13 0.86 71.8 
Polk County C Spherical 0.12 0.11 0.94 47.3 
Polk County D Spherical 0.16 0.06 0.81 29.1 
Story County Spherical 0.01 0.00 0.92 12.4 
88 
CHAPTER 5. PREVENTIVE SITE-SPECIFIC MANAGEMENT OF CORN 
ROOTWORMS (COLEOPTERA: CHRYSOMELIDAE): PREDICTING FUTURE 
DAMAGE DISPERSION AND SETTING MANAGEMENT ZONES FOR 
INSECTICIDES AND Bt CORN 
A paper to be submitted to the Journal of Economic Entomology 
Yong-Lak Park and Jon J. Tollefson 
Abstract 
Current management options for corn rootworms are crop rotation and soil pesticide 
treatment at planting time in Iowa. Because those control tactics are preventive, prediction of 
the potential root damage the following year is needed to generate management zones before 
planting, justifying preventive site-specific management of corn rootworms. This study 
showed that the best prediction map for the following year's larval survivorship was the 
dispersion maps of adults in the cornfield during the adult population peak. Geostatistics and 
the geographic information system were used to generate prescription maps with 
management zones for insecticides and for Bt corn based on economic injury levels and 
refuge shape and sizes, respectively. With insecticide-treatment zones, 85% to 97% of the 
fields could be managed in three between-year studies when EIL = 0.35 adult per ear-zone. 
With Bt corn-planting zones, 65% to 100% of the fields were possibly managed when a 50% 
blocked refuge was used. The study demonstrated that preventive site-specific management 
of corn rootworms could be possible by predicting subsequent year's potential damage before 
planting. 
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Introduction 
The western corn rootworm, Diabrotica virgifera virgifera LeConte, and the northern 
corn rootworm, Diabrotica barberi Smith and Lawrence, are key pests in the Corn Belt. 
Both overwinter as eggs and hatch in early June in Iowa. Major economic damage is caused 
by larval feeding on corn roots. In early July, corn rootworm adults emerge from the soil and 
feed on corn silks, causing minor economic damage. The target stage of corn rootworm 
control in Iowa is first instar; farmers make the decision to control the larvae by rotating corn 
with other crops or by treating with soil insecticides at planting without any knowledge of the 
amount of future damage by rootworms and the dispersion of rootworms. Currently Bt corn 
against corn rootworm has been developed and is be commercialized for the growing season 
in 2003. 
Farming based on the needs of specific areas within a field is called site-specific 
farming. The main idea of site-specific farming involves measuring the within-field 
variability, mapping dispersions of yield-limiting factors (Pedigo 2002), and making 
decisions based on the map showing within-field variability expressed as management zones. 
A management zone is a sub-region of a field that expresses a homogeneous combination of 
yield-limiting factors for which a single rate of management input is appropriate (Doerge 
1999). Site-specific farming can be justified when increased control efficiency and profit 
margins and when reduced chemical inputs onto the field result. Although the idea and 
importance of site-specific farming has been recognized by farmers from the beginning of 
agriculture (Morgan and Ess 1997), the practical implementation of site-specific farming has 
not occurred until recently due to the unavailability of technologies for applying management 
in a site-specific manner. Recent technologies such as global positioning system (GPS), 
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geographical information system (GIS), remote sensing, variable-rate technology, and yield 
monitor are commonly used to make site-specific farming possible. By 1996, almost 10% of 
all com farms had adopted some aspect of site-specific farming by using those technologies 
(Daberkow and McBridel998). 
When site-specific farming deals with pest management, it is called site-specific pest 
management, or site-specific IPM. The general procedure of site-specific pest management 
involves sampling to measure within-field variability, mapping the distribution based on 
sampled data, setting management zones based on maps, and applying control measures 
based on management zones. Despite the availability of current technologies, site-specific 
insect pest management has been applied to only a couple of insect pests, such as Colorado 
potato beetles (Weisz et al. 1995a, 1995b, 1996; Midgarden et al. 1997, Fleischer et al. 1997, 
Blom et al. 2002) and bean leaf beetles (Krell 1999) due to high costs for site-specific 
management. 
The main restriction on site-specific management of com rootworm control, however, 
is current control options, which are mainly crop rotation and soil pesticide treatment at 
planting time. These control options are considered as preventive rather than therapeutic 
because the decision to control is made before damage occurs. Since the primary aim of site-
specific pest management is to generate application maps or prescription maps containing 
management zones that determine the location or variable rates of inputs, it is necessary to 
predict potential root damage or larval survivorship before planting. The objectives of this 
study were 1) to predict the distribution of subsequent year's potential damage or larval 
survivorship, 2) to generate prescription maps with management zones, and 3) to validate 
management zones with subsequent year's larval survivorship maps. 
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Materials and Methods 
Three between-year experiments were conducted in two 8-ha fields of corn planted 
after corn (continuous cornfields) in Iowa. The Ankeny field was located in central Iowa, 
and two between-year experiments were done in 2000-2001 and 2001-2002. The Clinton 
field was located in eastern Iowa, and the experiment was conducted in 2000-2001. A 
hexagonal-grid sampling plan was used because it provided the best estimate of the spatial 
structure (Schotzko and O'Keeffe 1990). The sampling distance was 25 m and the numbers 
of sample points were 89 and 97 in the Clinton and Ankeny fields, respectively. Grids were 
laid out virtually in the fields (Fig. 1) by using a differentially corrected global positioning 
system (DGPS, Trimble, Sunnyvale, CA). 
Sampling and Constructing Database. At each sample point, altitude was 
measured with DGPS and an emergence trap described by Hein and Tollefson (1985) was 
placed to quantify larval survivorship by catching emerging adults from the soil every week. 
Because the DGPS had a maximum 1.5-m error range, anywhere within the circle was 
considered to be the same sample point. Within the circle, corn rootworm adults, plant stage, 
plant height, and soil moisture were sampled weekly with 5-10 replications depending on 
variables. Corn rootworm adults were sampled by counting the number of adults per ear-
zone of corn plant. The ear zone is the area from the upper surface of the leaf below the ear 
to the lower surface of the leaf above the ear (Tollefson and Calvin 1994). Plant stage was 
measured by counting and averaging the number of leaves on ten corn plants during the 
vegetative stage and by calculating the percentage of the corn plants with silks during the 
early reproductive stage. Soil moisture was measured weekly with a Hydro Sense® 
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(Decagon, Pullman, WA) by averaging the values from probing 10 locations within the area 
of 1.5-m radius circle at each sample point. All sampled data were geo-referenced by the 
DGPS and put into table format to construct relational databases. A map database or geo-
relational database was constructed from the table database by using geostatistics in 
ArcGIS® (Environmental System Research Institute, San Diego, CA). A tabular database 
was used for the correlation analysis, and a map database was used for map overlaying 
analysis and spatial modeling. 
Predicting Dispersion Maps of Larval Survivorship (i.e., Adult Emergence). The 
strategy to predict the future larval survivorship map was to find the maps in the database 
that correlated best with subsequent year's larval survivorship. The similarity of maps 
between two years was checked with map correlation analysis. Map-correlation coefficients 
were calculated based on sample-to-sample correlations by using SAS (PROC CORR; SAS 
Institute, 1999). The best prediction map for the subsequent year's larval survivorship was 
generated with geostatistics, which characterized the pattern of spatial dispersions and 
produced, not only maps for estimation of unsampled locations, but also maps for the 
standard deviation of estimation at any point in the field. 
Defining Management Zones. Management zones were generated based on 
prediction maps by using Spatial Analyst®, an ArcGIS® extension (Environmental System 
Research Institute, San Diego, CA). Management zones for soil insecticide treatment at 
planting time were set based on the economic injury levels (EILs) for ear-zone adult counts 
in the previous year. Even though the EIL for ear-zone adult counts is 0.35 with 27,000 
plants/acre (Wright et al. 1999), the subsequent year's adult emergence is still largely 
dependent upon winter weather, tillage (Gray and Tollefson 1987, 1988; Riedell et al. 1991; 
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Roth et al. 1995), and precipitation in early spring (Spike and Tollefson 1988). Such 
unpredictability was considered by varying the values of EILs to generate a series of 
management zones. Management zones for Bt com were set based on the refuge size and 
shape; either 20% or 50% of blocked or stripped refuges were considered for this study. 
Validation of Management Zones. Management zones were validated with the 
subsequent year's dispersion map of larval survivorship. Because all sample points were 
geo-referenced using DGPS, it was possible to check the agreement of the maps by 
overlaying the prediction maps on subsequent year's larval survivorship maps. Map-overlay 
analysis calculated the percentage of the areas set as non-insecticide-treatment zones or non-
Bt com zones according to the management zones but that had more than 20 adults per 
emergence trap the subsequent year. Those areas are indicative of the failure of management. 
Results and Discussion 
Adult populations peaked three to four weeks after the first adults were captured in 
the fields. The adult dispersion maps at peak population correlated the best with subsequent 
year's larval survivorship maps in three between-year studies (Table 1). This result agrees 
with Tollefson (1990), who found that adult-sampling techniques were better predictors of 
subsequent larval damage than egg-sampling techniques. Better correlations between adult 
dispersion at peak population and subsequent year's larval survivorship or potential damage 
were found when ear-zone adult counts in the two weeks during the peak population periods 
were pooled. Correlation coefficients were increased to 0.57, 0.60, and 0.62 in 2000-2001 
Clinton study, 2000-2001 Ankeny study, and 2001-2002 Ankeny study, respectively (Fig. 2). 
These correlations can be explained by egg-laying behavior, ovarian development, and the 
dispersion pattern of adults and their interactions with com plant phenology. Adult 
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dispersions were highly aggregated when two-week ear-zone counts during peak population 
periods were pooled; the semivariograms showed high spatial correlation, with spherical or 
Gaussian models fitting the best (Table 2). Steffey and Tollefson (1982) also found that 80% 
and 61% of western and northern com rootworms, respectively, were aggregated. Such 
aggregations increased the amount of mating and egg laying. During peak population 
periods of the growing season ovarian development of adult females peaked (Nowatzki et al. 
2002) and 50% to 80% of com plants were in silking stage in the cornfields. Darnell et al. 
(1999) also found that significant small-scale spatial relationships occurred around peak 
pollination periods as com silks attracted and arrested com rootworm adults, causing them to 
aggregate. 
Variability in dispersions of com rootworm larval survivorship were not highly 
consistent year by year, indicating less predictability when using a current year's larval 
survivorship map as a prediction map for the larval survivorship map the following year. 
Environmental factors such as soil moisture and altitude also significantly affected the 
between-year correlations of larval survivorship, but the correlations between environmental 
factors and following year's larval survivorship were not consistent in each field each year 
(Table 1). Thus prediction maps of subsequent year's potential damage were generated by 
using only pooled ear-zone adult counts of the two weeks during peak adult population. The 
prediction maps captured the general surface trend of the subsequent year's larval 
survivorship maps (Fig. 2). Management zones for insecticide treatment at planting and for 
Bt com were generated based on those prediction maps. 
Management zones for the insecticide treatment were set based on the economic 
injury levels (EILs). The Ankeny field had very low adult populations in the 2000-2001 
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study. Because the adult numbers everywhere in the prediction map did not exceed the EIL 
of 0.35 adults in the ear-zone in 2000, insecticide-treatment zones were not needed for com 
rootworm control in 2001 (Fig. 3). When an EIL of 0.25 was used, eastern parts of the field 
were set as an insecticide-treatment zone. In contrast, almost all parts of the field were set as 
insecticide-treatment zones in the 2000-2001 Clinton and 2001-2002 Ankeny studies because 
of high adult populations the previous year. Validation of management zones by using map-
overlaying analysis showed that insecticide-treatment zones on the prediction maps didn't 
cover ca. 15%, 3%, and 5% of the areas that had high larval survivorship the following year 
in Ankeny 2000-2001, Ankeny 2001-2002, and Clinton 2000-2001 studies, respectively, 
when the EIL = 0.35. Those are the areas where management can be considered to have 
failed. 
Management zones for Bt com were set based on the refuge size and structure. 
Currently, a 20% refuge is required to delay com rootworm resistance to Bt com. Ankeny 
field data showed the eastern part of the field had higher adult numbers when the population 
peaked in 2000-2002 (Fig. 2), indicating that the blocked refuges could be located in the 
western part of the field (Fig. 4). Validation of management zones by using map-overlaying 
analysis showed that Bt com-planting zones didn't cover ca. 0%, 13%, and 35% of the areas 
that had high larval survivorship the following year in Ankeny 2000-2001, Ankeny 2001-
2002, and Clinton 2000-2001 studies, respectively, when 50% blocked refuge was used. 
With 20% blocked refuge, Bt com-planting zones did not cover ca. 0%, 9%, and 12% of the 
areas that had high larval survivorship the following year in Ankeny 2000-2001, Ankeny 
2001-2002, and Clinton 2000-2001 studies, respectively. 
Because site-specific management requires intensive sampling and special equipment 
96 
for mapping and managing geo-referenced data, cost has been a big obstacle for adoption of 
site-specific pest management by farmers. Generally, sampling costs can be decreased 
exponentially with increases in sampling distance (Chang et al. 1999). This study suggested 
that only two separate adult samples at one-week intervals when the adult population peaked 
could predict the subsequent year's larval survivorship. The time of peak population can be 
calculated with the emergence model by Nowatzki et al. (2002), which was based on the 
degree days and the date that first adults were captured in the cornfield. According to their 
model, at 200 degree-days, or ca. three weeks after the first adults were found in the field, 
almost 50% of emergence would have occurred and populations would be at their peak in 
Iowa. Thus a preventive site-specific management of corn rootworms would be possible by 
predicting the periods of peak population, conducting spatial sampling of adult populations 
during the periods, and setting of management zones. 
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Fig. 2. Prediction maps for larval survivorship the following year (maps on the left side) and 
subsequent year's dispersion maps of larval survivorship (maps on the right side). 
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Fig. 3. Insecticide-treatment zones (red) based on EILs. 
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Fig. 4. Bt corn-planting zones (red) based on the shape and size of within-field refuge. 
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Table 1. Correlations of the larval survivorship with previous year's insect, edaphic, 
agronomic, and geographic factors. 
Previous Year's Dispersion Ankeny 2001 Larval Survivorship 
Ankeny 2002 Larval 
Survivorship 
Clinton 2001 Larval 
Survivorship 
Variable Sampling Time Coefficient Coefficient Coefficient 
Altitude 1 WAP * 0.43 0.55 -0.01 
Beetle per plant 1 WAB ** 
2 WAB 
3 WAB 
4 WAB 
5 WAB 
6 WAB 
7 WAB 
0.15 
0.23 
0.51 
0.20 
0.28 
0.30 
0.23 
0.44 
0.57 
0.54 
0.34 
0.20 
0.18 
0.30 
0.55 
0.32 
0.18 
0.18 
0.16 
Larval survivorship 1 WAB 
2 WAB 
3 WAB 
4 WAB 
5 WAB 
6 WAB 
7 WAB 
Cumulative 
0.09 
0.11 
0.17 
0.09 
0.21 
-0.01 
0.28 
0.27 
0.21 
0.32 
0.29 
0.25 
0.28 
0.25 
-0.02 
0.42 
-0.26 
0.15 
0.28 
0.18 
0.14 
0.23 
0.07 
0.32 
Plant Height 3 WAP 
6 WAP 
2 WAB 
0.09 
0.01 
0.05 
0.12 
-0.17 
-0.27 
0.04 
-0.13 
0.13 
Plant Stage 4 WAP 
2 WAB *** 
3 WAB 
0.12 
-0.12 
0.10 
0.04 
0.32 
-0.02 
0.19 
0.22 
Soil Moisture 4 WAP 
6 WAP 
3 WAB 
4 WAB 
0.26 
0.26 
0.24 
0.22 
0.12 
0.30 
-0.14 
-0.14 
-0.08 
-0.06 
0.00 
-0.02 
* weeks after planting. 
** weeks after first adults captured in the emergence trap. 
*** percentage of com plant in silking stage. 
Table 2. Semivariogram parameters for the adult counts when two-week adult-count data 
during the peak population period were pooled. 
Data set Model Nugget Sill Range (m) r2 
2000 Clinton Spherical 0.016 0.443 34.3 0.434 
2001 Ankeny Gaussian < 0.001 0.028 31.4 0.808 
2002Ankeny Gaussian 0.282 1.645 2018 0.992 
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CHAPTER 6. GENERAL CONCLUSION 
The primary objective of this study was to investigate how corn rootworm 
populations change in time and space. To accomplish the objective dispersion patterns of 
com rootworm eggs, larvae, adult emergence, adults in the ear-zone, and root injury were 
characterized, mapped, and compared. As the com rootworm is a part of the com 
agroecosystem, the dynamic relationship in dispersion between com rootworms and 
environment was also investigated. 
Egg dispersion pattern was random or uniform in 8-ha cornfields, but small-scale 
study revealed egg dispersions could be aggregated at a smaller scale (Chapter 2). Larval 
dispersion pattern was aggregated regardless of spatial scales used in this study. Soil 
moisture positively affected com rootworm egg and larval dispersions. Adult emergence and 
ear-zone adult counts tended to be aggregated during peak population period and random or 
uniform early and late in the season (Chapter 3). Between-year dispersion maps of ear-zone 
adult counts were significantly correlated and affected by soil moisture and com plant 
phenology (Chapter 3). Root injury dispersion pattern was aggregated and the degree of 
aggregation increased as the average root injury increased within the range of root injury 
observed in microscale study (Chapter 4). Between-year relationships in dispersion among 
eggs, larvae, adult, and environment provided a strategy that could predict potential root 
damage the subsequent year. The best prediction map for the subsequent year's larval 
survivorship was the dispersion maps of adults during population peaked in the cornfield 
(Chapter 5). This led to generating prescription maps with management zones for site-
specific pest management of com rootworms. 
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All maps generated in this study can be put together to better understand between-
year spatial relationships of corn rootworm life stages. Figure 1 shows the dispersion maps 
of all life stages of corn rootworms from the three-year study in Ankeny field. The figure 
shows that between-year relationship of each life stage was not directly correlated but 
indirectly mediated by other life stages. Egg dispersions correlated with the previous year's 
adult dispersions because most eggs were laid where adults were in the previous year. Those 
egg dispersions were correlated with larval dispersions because the movement of larvae in 
the soil is very restricted (Chiang 1973). Larval dispersions influenced the root injury 
dispersions because corn rootworm larvae mainly fed on com roots in the soil. Larval 
dispersions affected those of adult emergences or larval survivorship. Adult emergence 
dispersions determined the population of adults in the field and correlated with ear-zone adult 
counts during peak population periods because adults fed on com pollens and silks where 
they emerged as long as fresh foods were available (Cinereski and Chiang 1968). Thus 
correlations between adjacent life stages of com rootworms were significant in most cases 
but stage-specific correlations between years were often not significant. 
Relationship between adjacent life stages could be modified by environment. 
Relationship between egg and larval dispersions was modified by soil moisture. Too dry or 
too wet soil increased larval mortality. Soil moisture was also a key factor to determine the 
relationship in dispersion between larvae and root injury because soil moisture affected root 
tolerance level against larval feeding as well as larval survival. Com phenology determined 
the relationship in dispersions between adult emergence and ear-zone adult counts because 
com plant volatiles were the primary cues for adults to locate com plants (Morris et al. 1996) 
and adults did not leave the field as long as fresh silks were available (Chiang 1973). Soil 
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moisture and texture affected the opposition behavior of adult females as they preferred wet 
soil to lay eggs and sandy soils were rejected for oviposition (Chiang 1973). 
In conclusion, com rootworm population is dynamic in time and space within a year. 
There is, however, between-year consistency in dispersions. The spatio-temporal dynamics 
within a year and consistency between years are dependent upon environmental factors, such 
as soil moisture and com plant phenology. This study demonstrated that 1) insect population 
changes in time and space and can be understood using currently available technology and 
methods, 2) prediction of future dispersion is possible by understanding the spatio-temporal 
relationships of insect life stages and their correlations with environment, and 3) such 
information can be used to develop site-specific pest management that can reduce chemical 
input and increase control efficiency by controlling pests only where management is needed. 
References Cited 
Cinereski, J. E. and H. C. Chiang. 1968. The pattern of movements of adults of the 
northern com rootworm inside and outside of cornfields. J. Econ. Entomol. 61:1531-1536. 
Chiang, H. C. 1973. Bionomics of the northern and western com rootworms. Annu. Rev. 
Entomol. 18:47-72. 
Morris, W., F. Grevstad, and A. Herzig. 1996. Mechanisms and ecological functions of 
spatial aggregation in chrysomelid beetles, pp. 303-322. In Jolivet, P. H. A., and M. L. Cos 
(eds.), Chrysomelidae Biology, vol. 2: Ecological study. SPB Academic Publishing, 
Amsterdam, The Netherlands. 
2000 Root Injury 2000 Emergence 2000 Ear-zone Count 2000-2001 Egg 
2001-2002 Egg 2001 Ear-zone Count 
2002 Larva 
2001 Emergence 2001 Root Injury 
2^ 
2002 Root Injury 2002 Emergence 2002 Ear-zone Count 
o 
Fig. 1. Dispersion maps of corn rootworm life cycles and root injury in the Ankeny field, 2000-2002. 
